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Summary 


To date, southern Portugal, and especially the Algarve region, has been the focus of only limited 
palaeoecological research. In particular, the scarcity of dated pollen studies has meant that 
inferences regarding the vegetation history of the Algarve and related aspects of landscape 
evolution have had to be drawn from distant sites. The pursuit of palaeoecological research has 
been hindered by the lack of suitable sites for pollen analysis. This dissertation contributes to 
the understanding of Holocene palaeoenvironmental change in the Algarve region with new 
palynological data from three boreholes drilled in intertidal, estuarine settings. In a region without 
natural lakes, estuarine sediments deposited during the Holocene marine transgression represent 
a valuable resource for pollen analysis. 

Presented in the dissertation are the methods and results of sedimentary and palynological analyses 
of AMS dated sediment sequences from the estuaries of the Guadiana, Arade and Boina 
rivers. Sediment analyses, including loss-on-ignition, particle-size analysis and magnetic 
susceptibility, are used to characterise sedimentary units within the sequences and permit an 
interpretation of changing environments of deposition during the Holocene. The sedimentary 
analyses contribute to the understanding of the evolution of the Arade/Boina and Guadiana 
estuaries and changes in the littoral zone, and are critical to the investigation of palynological 
material preserved within the cores. 

Pollen analysis of the estuarine sediments provides detailed palaeoecological information 
regarding changes in local and wetland environments within the estuarine settings, and for 
vegetation events in the wider landscape between c. 13,000 and 2,000 cal BP. Critical to the 
analysis are both taxonomic precision and the rigorous discrimination of wetland and non¬ 
wetland taxa. Based on the new pollen records, this dissertation provides the first account of 
Holocene vegetation history for the Algarve. Identified at the three sites is an early and mid- 
Holocene woodland vegetation characterised hyPinus, evergreen and deciduous oaks {Quercus 
spp.), and associated understorey shmbs and herbs. After c. 5000 cal BP, dramatic declines in 
arboreal pollen are recorded, associated with an increase in moor and heath taxa, notably Ericaceae 
and Cistaceae. The results permit are-evaluation of the debated role of anthropogenic impact on 
the Algarve landscape. 

Finally, the results of both sedimentary and pollen analyses are placed in the wider regional 
context of the Iberian peninsula. Considered in the dissertation are: a) the timing and nature of 
changes in coastal environments during the Holocene transgression, b) the impact of sea-level 
change on wetland environments, c) the characteristics of the early and mid-Holocene vegetation, 
and d) the evidence for major deforestation during prehistoric times. 
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Chapter 1 - Introduction 


1 Introduction 

The Holocene, the present interglacial period, is studied both as an analogue for 
understanding earlier interglacial periods, and as the unique interglacial where environments 
heavily modified by human pressure have come to dominate many parts of the world. For 
northern Europe, numerous studies of terrestrial sedimentary records of Holocene age 
provide evidence for relatively well-understood patterns of environmental change. During 
the Late-glacial and especially from the onset of the Holocene, the forest cover responded 
to climatic changes by expansion from refugial areas of glacial growth (Huntley, 1988; 
Huntley & Prentice, 1993). The thermal maximum and increasingly moist conditions of the 
mid-Holocene permitted the maximum northward and altitudinal extension of range for 
many broadleaf vegetation types (Huntley, 1988). During the last 4 thousand years, changes 
in forest composition increasingly reflect the influence of human activity on vegetation 
and soil. For southern Europe, more varied and complex patterns of Holocene environmental 
change are emerging (Roberts et al., 2001). These patterns reflect the diversity of landscapes 
(structured fundamentally by the heterogeneous geology of the basin (Blondel & Aronsen, 
1999)), the role of the southern European peninsulas (Iberian, Italian, Balkan) as refugia 
for plant and animal life during glacial periods (Bennett et al., 1991; Willis, 1994), inter¬ 
regional climatic variability and the rich history of human settlement and civilisation. In 
addition to these conditioning factors, patterns of Holocene environmental change are 
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increasingly understood to be responsive to climate change on a centennial to millennial 
scale (Bond et al., 1997). The understanding of these variables and their influence on 
vegetation history is limited by the relatively small number of well-dated pollen records 
for Mediterranean Europe, particularly as one approaches the southernmost margins of the 
region. 

The Algarve province of southern Portugal, located at the southwestern corner of Europe, 
has not been the focus of extensive research in the fields of climate and vegetation history. 
In common with other areas of southern Europe, knowledge of palaeoenvironmental change 
is poorly developed, limited to a great degree by the scarcity of depositional basins providing 
preservation of organic material. The accumulation of sediments with organic preservation 
in the estuaries of the Algarve, however, provides an opportunity for sedimentological and 
palynological research. The situation of estuaries at the boundary of the terrestrial and 
marine domains means that they provide an archive of palaeoenvironmental data related to 
changes in both wetland and dry ground environments. With estuarine deposits in the Algarve 
extending to the Eate-glacial period, there is the potential to develop the history of 
environmental changes in the region, both at the Late-glacial/Holocene transition, and over 
the course of the Holocene. 

1.1 Aims and objectives 

This study aims to develop the record of vegetation and landscape history in southern 
Portugal through the investigation of estuarine sediments from the Algarve. 

The principal objectives, which structure the framework of the study, are: 

• To develop the understanding of changes in estuarine depositional environments 

• To construct a record of vegetation history in the Algarve for the Late-glacial/ Holocene 
transition and the Holocene through palynological investigation. 

• To constrain the chronology of estuary infilling and vegetation history 
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• To situate the record of Holocene landscape history within the wider research context 
of Iberian Holocene studies. 

1.2 Rationale 

The primary justification for investigating the Holocene vegetation history of the Algarve 
is the lack of palynological data from the region, and the general scarcity of well-dated 
pollen records from the southern Iberian peninsula. Only two previous studies have published 
the results of pollen analysis from Holocene sediments in the Algarve. A pollen record for 
the last 1200 years has been published from the Boca do Rio marsh in the western Algarve 
(Allen, 2003). A localised pollen source area results in a record which reflects primarily 
changes in the wetland environment. At this site, a transition from saltmarsh to freshwater 
wetland is detected, associated with decreasing marine influence and increased fluvial 
sediment supply. The sequence also includes a likely hiatus of c. 700 years, related to 
erosion resulting from the tsunami of the AD 1755 Lisbon earthquake. The other published 
pollen study is based on archaeological cave sediments from Goldra in the eastern Algarve 
(Straus etal., 1992). A radiocarbon date indicates a mid-Holocene age (c. 5000 '"'C bp) for 
the time of deposition, with archaeological material pertaining to the Middle-Neolithic 
cultural period. Archaeological and botanical evidence indicate an established agricultural 
way of life, with domesticated animals and crops. Pollen spectra from seven sediment 
samples contain a small quantity of tree and shrub pollen (mostly of pine (Pinus), oak 
(Quercus) and heaths (Ericaceae)), but are dominated by herbaceous pollen of Asteraceae 
(daisy family). Although a trend across the seven samples suggests an expansion of Ericaceae 
and decline in Pinus — a possible indication of expanding human impact — the 
interpretation is complicated by taphonomic factors related to pollen transport and 
taphonomy in a cave setting. Moreover, there is no chronological control for the length of 
elapsed time represented by the sample sequence. It is clear, therefore, that the longer 
perspective on vegetation development in the Algarve during the Holocene is wholly missing. 
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From the botanical perspective, the imperative for palynological investigation is clear. “The 
primeval vegetation of the Algarve, a land peopled since antiquity, has been completely 
transformed by Man” (Braun-Blanquet et al., 1964: 232, trans.). The swathes of Cistus 
maquis clothing the hills of the Algarve, the scattered oaks harvested for their cork, and the 
dry orchards of the lowlands constitute a landscape modified and maintained through 
human action by cutting and clearance, intentional burning, pastoralism and agriculture. 
Few, if any, stands of natural or climax vegetation exist to confirm the composition of the 
vegetation prior to human influence (Capelo, 1996). From this perspective, one objective 
in undertaking pollen analysis is to identify the ‘natural’ vegetation of the region. Flowever, 
recognising that plants display highly individualistic responses to climatic, edaphic and 
biotic factors (Webb, 1987), the objective in fact must be to trace the changing composition 
of the vegetation over the Flolocene period, and to identify and distinguish climatic and 
anthropogenic influences, rather than to identify a set of climax communities. 


At present, inferences in the literature regarding the Holocene vegetation history of the 
Algarve (for example with regard to soil erosion or valley alluviation (Jahn et al., 1989; 
Chester & James, 1991, 1999) are generally drawn from distant sites (Figure 1.1). The 
most detailed record of vegetation history in Portugal comes from sites in the Serra da 



1 . Serra da Estrela (van den Brink and Janssen, 1985; van der 
Knaap & van Leeuwen, 1995, 1997) 

2. Alpiar^a (van Leeuwaarden & Janssen, 1985) 

3. Estacada (Lagoa de Albufeira) (Quieroz, 1989) 

Aposti^a (Lagoa de Albufeira) (Queiroz & Mateus, 1994) 
Lagoa de Golfo (Queiroz, 1999) 

4. Lagoa de Travessa (Mateus 1989) 

5. Lagoa de Melides (Quieroz & Mateus 1994) 

Lagoa de Santo Andre (Santos & Sanchez Goni, 2003) 

6. Boea do Rio (Allen, 2003) 

7. Boina-Arade estuary (this study) 

8 Goldra cave (Straus et ah, 1993) 

9. Guadiana estuary (this study) 

10. Laguna de las Madres (Stevenson 1992; Stevenson 1985) 

11. El Asperillo (Stevenson 1984) 

12. El Acebron (Stevenson 1992'; Stevenson & Moore 1988) 

13. Laguna de Medina (Reed et ah, 2001) 

14. Padul (Pons and Reille 1988) 


Figure 1.1. Location of Holocene pollen records from the southwestern Iberian peninsula. 
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Estrela, a montane region in northern Portugal (van den Brink and Janssen, 1985; van der 
Knaap & van Leeuwen, 1995, 1997). These pollen reeords show the sensitive response of 
the upland vegetation to climatie conditions and human activities during the Late-glacial 
and Holocene, and also detect indications of vegetation changes in the surrounding lowland. 
However, the Serra da Estrela may not necessarily provide a good model for vegetation 
history in southern Portugal, as the flora, climate, geology, relief and history of glaciation 
are quite distinct from the lowlands of southern Portugal. The other record from which 
inferences have been drawn for southern Portugal comes from the famous site of Padul, 
located at the base of the Sierra Nevada in southeastern Spain (Pons & Reille, 1988). The 
pollen record from Padul reveals the response of regional vegetation to climatic fluctuations 
during the Tipper Pleistocene and Holocene, and highlights an important and early role for 
evergreen vegetation in the post-glacial afforestation of the region. The southern location 
and Mediterranean modern climate suggest that the Padul record may be more indicative of 
vegetation in southern Portugal. However, the Mediterranean climate at Padul is more 
strongly continental and arid, the region is more mountainous, and Atlantic floristic elements 
(such as the heaths, Ericaceae), are less important. Einally, the impact and expression of 
climate changes driven by North Atlantic processes may be different between the 
southwestern and southeastern sectors of the Iberian peninsula. Overall, the Iberian peninsula 
is characterised by a varied climate, topography and flora, and the reliability of inferences 
drawn from the distant sites of the Serra da Estrela and Padul must be confirmed through 
direct palynological investigation. 

A number of sites, some less well known, have been investigated closer to the Algarve. In 
the lowlands of the Tagus valley (central Portugal), preliminary pollen analyses of two 
valley peat sequences covering the period c. 5000 to 2000 '"'C bp reveal a decline in Pinus 
and Quercus, and an increase in NAP (non-arboreal pollen) related to human activities at a 
nearby archaeological settlement (van Leeuwaarden & Janssen, 1985). In southern Portugal, 
a cluster of sites have been investigated in the littoral zone of the Alentejo province (Mateus 
1989; Queiroz 1989, 1999; Queiroz & Mateus, 1994; Santos & Sanchez Goni, 2003). The 
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records from these coastal lagoons generally date from the mid- to late Holocene (after c. 
6000 '"'C bp), although early Holocene sediments and an undated record of likely Late- 
glacial age are also known (Queiroz, 1999). These records show an important role for 
pinewoods in the early Holocene, succeeded by the mid-Holocene development of oak 
forest, and finally the development of evergreen shrub vegetation during the late-Holocene. 
The littoral character of these sites means that the records also document major changes in 
local environments, related to changes in coastal geomorphology and sea-level.To the east 
of the Algarve, radiocarbon-dated pollen records for the last c. 4500 years have been 
published from the Huelva area of southwest Spain (Stevenson, 1985b, 1988; Stevenson & 
Harrison 1992), as well as an undated pollen record of probable Late-glacial age (Stevenson, 
1984). A record of herbaceous and aquatic pollen types has been published for the last c. 
8000 '"'C years from a saline lake near Cadiz, and shows fluctuations in pollen content 
related to changing water depth and salinity associated with aridification episodes (Reed et 
al, 2001). 

These studies provide important comparative material for the southwestern Iberian sector, 
and identify a number of interesting phenomena which merit further investigation. In the 
Alentejo, these include the possible expression of a Younger Dryas (Late-glacial Stadial) 
type event in the vegetation, and the impact of climatic, biotic and anthropogenic factors 
on changing early to mid-Holocene forest composition. An important feature of the Alentejo 
records, identified also in the Tagus valley, is the development and expansion of shrub 
vegetation communities in the late-Holocene. The timing and causes of these changes need 
further exploration. In southwest Spain, notable features of the Huelva pollen records include 
evidence for early viticulture and woodland management. The extent to which these 
phenomena are identifiable in the Algarve, and by extension characteristic of the 
southwestern Iberian sector, will be explored through new palynological data in this study. 
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1.3 Choice of sites and methods 

The principal challenge in the Algarve for palaeoecological research in general and 
palynology in particular is the scarcity of sites offering organic preservation. The absence 
of permanent lakes rules out the possibility of pollen analysis of lacustrine deposits, the 
type of study for which the methodology and conceptual basis for palynology is best 
developed (e.g. Jackson, 1994; Bennett & Willis, 2001). Fieldwork during the early phases 
of this study explored a number of sites in different areas of the Algarve and Alentejo, and 
tested a range of sediments for pollen preservation including sediments from seasonal 
freshwater ponds, alluvial valley-fdl deposits and calcretes. On the whole, these assays 
proved unsuccessful, suggesting that subaerial weathering in these settings promotes high 
rates of organic decay under biological and chemical attack, and physical degradation of 
palynomorphs through wet-dry cycles associated with the strong seasonality of the 
Mediterranean climate regime. 

In contrast with these terrestrial environments, estuaries of the Portuguese coast represent 
major sediment sinks and sites of organic preservation (Dias et al., 2000; Boski et al., 
2002). Since 1999, a series of boreholes has been drilled by the Portuguese Geological 
Survey (IGM) in intertidal sediments of several Algarve estuaries. The cores are stored in 
the Universidade do Algarve, and are part of ongoing research into the impact of sea-level 
changes on the Algarve littoral at the Centre for Marine and Environmental Research (CIMA) 
under the direction of Professor T. Boski. Collaboration with CIMA provided the opportunity 
to extend the field of estuarine research in the Algarve to include pollen analysis. Three 
cores form the basis of this study, one from the Guadiana estuary on the Portugal/Spain 
border, and two from the Boina-Arade estuary in the western Algarve. The sediment 
sequences of these cores relate to the infilling of the Guadiana estuary during the Late- 
glacial and Holocene, and of the Boina-Arade estuary during the Holocene. 

While estuaries provide valuable archives for palaeoenvironmental research, interpretation 
of the resulting records may be complex. Estuaries generally act as traps for sediments 
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from both fluvial and marine sources, and are often characterised by rapid sediment 
accumulation. Estuarine sedimentation is sensitive to the influence of several factors, 
including sea-level change and accommodation space, sediment supply from the fluvial 
basin and the continental shelf range, tectonic activity and anthropogenic disturbance 
(Colman et al., 2002). This sensitivity means that sedimentation rates, sediment source 
areas and depositional environments may vary considerably over time. As these factors 
may influence the deposition, composition and preservation of pollen and spore assemblages, 
pollen analysis must be accompanied by critical investigation of the sediment record. 

In this study, several techniques were chosen in order to characterise the sediment sequences 
and to evaluate changing environments of deposition at the three sites. The main techniques 
used in this study, in concert with core log descriptions from CIMA, are loss-on-ignition 
(LOI), laser particle-size analysis, and magnetic susceptibility. Shell matter content of the 
sediment content is also quantified. These techniques were chosen to provide several lines 
of information regarding the physical and magnetic properties of the sediments, namely: 
organic matter, carbonate and shell content, particle or grain size distribution, and the 
concentration of magnetic minerals. Variation in these properties is conditioned by a range 
of environmental variables related to hydrodynamic conditions, sediment sources and 
biological and geochemical conditions. The study of these properties therefore provides 
important information both regarding the history of the sedimentary environment and the 
discrimination of potential taphonomic biases affecting the pollen record. 

A chronological framework is essential for comparison of sediment and pollen results 
between sites and for evaluation of the impact of external factors such as sea-level and 
climate changes on the environment. In this study, age-depth models for sedimentation at 
the three core locations are developed. These are based on multiple AMS radiocarbon dates 
which were obtained both by CIMA and as part of this project. The age-depth models are 
used to constrain the timing of changes in the sediment and pollen records and to provide 
estimates for zone boundary and sample ages. 
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Although the record of changes in the sedimentary environment in the studied estuaries is 
developed with a view to improving the interpretation of the pollen data, this record also 
contributes to a wider field of research, namely the study of Holocene estuarine infilling 
and changes in the coastal zone. It is only in recent years that detailed studies of the post¬ 
glacial history of estuarine development have been undertaken (Cearreta & Murray, 2000). 
In the Algarve, the first results of borehole investigations in the Guadiana estuary have 
been published (Boski et al., 2002), presenting an outline of sedimentary infilling since the 
Late-glacial. This work, which focuses on estuarine sedimentary response to sea-level rise, 
is based on the study of four cores (CM 1-4), and does not include the core studied here 
(CMS). Mollusc content and foraminifera abundance data presented by these authors 
represent the first palaeoecological data related to the impact of the Holocene transgression 
in the Guadiana. Other research in the Guadiana estuary has examined; 1) the sedimentary 
characteristics of modem estuarine surface sediments (Morales et al., 1997), 2) the evolution 
of the Guadiana delta complex (Morales, 1997), 3) the seismic stratigraphy of the terminal 
segment of the valley (Lobo et al., 2003), 4) the distribution of benthic foraminifera and 
ostracoda in modern surface sediments from the Guadiana shelf and estuary (Munoz et al., 
1993; Mendes et al., 2004) and 5) the characteristics of near-shore sediments of the Guadiana 
coastal shelf (Gonzalez et al., 2004; Lobo et al., 2004). 

The research in the Guadiana is linked in approach and subject matter to a cluster of studies 
from the Spanish sector of the Gulf of Cadiz coast. These have developed the knowledge of 
estuarine environments and their history, examining: 1) the characteristics of modern 
estuarine sedimentary facies and recent sedimentation (Borrego al., 1995; Pendon & Morales, 
1997; Pendon et al., 1998; Ruiz et al., 2004), 2) the Holocene sedimentation of the Guadelete, 
Tinto, Odiel and Piedras river estuaries (Borrego al., 1993; Borrego et al., 1999; Dabrio et 
al., 2000; Lario et al., 2002a) and 3) the Holocene development of spit and barrier stmctures 
(Zazo et al., 1994; Rodriguez-Ramirez et al., 1996). This body of previous research informs 
the investigation and interpretation of sediment properties undertaken in this study. In contrast 
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with the Guadiana and other Gulf of Cadiz estuaries, no published data relating to either 
sedimentological or palaeoecological research is available for the Boina-Arade estuary. 

1.4 Palynology of estuarine sediments 

The analysis of pollen and spores from estuarine sediments is undertaken with the goal of 
investigating the vegetation history of both wetland and dry ground environments. From 
the outset, and in light of previous research, a number of potential disadvantages are 
recognised in working with estuarine material. First, pollen of local wetland vegetation 
may be strongly over-represented in the pollen spectra, obscuring a vegetation signal from 
dry ground, regional or upland environments (Heyvaert, 1980; Patterson & Clark, 1985). 
This over-representation may not be of consequence if the wetland environment is of primary 
interest. A number of studies have employed pollen analysis with the main intent of exploring 
changes in the local setting related to salt marsh development and sea-level response (Mudie 
& Byrne, 1980; Jennings et al., 1993; Collins et ah, 2001; Freund et ah, 2004). However, 
changes in dry ground vegetation communities in response to climatic and anthropogenic 
factors may be concealed. Second, in contrast with some depositional environments (e.g. 
small lake basins), pollen source areas are likely to be poorly defined, related to a multiplicity 
of pollen transport pathways into an estuary. Changes in local sub-environment may 
correspond with changes in pollen source area, influencing the composition of the pollen 
assemblage (Santos et ah, 2001). Third, in common with pollen from fluvial sediments, the 
contribution of reworked pollen and spores from inwashed soils and sediments may raise a 
question regarding the contemporaneity of the pollen assemblage. This may be compounded 
in the estuarine environment by the recycling and redistribution of palynomorphs by tidal 
currents within the estuary. Finally, pollen preservation may be variable, related to bacterial 
activity and oxidation, complex transport history, and wet/dry cycles at the sediment/water 
interface. 

A number of distinct advantages, however, accompany the study of pollen from estuarine 
sediments. First, the diversity of pollen types is often high, providing a record of several 
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habitats. Second, plants with poor pollen dispersal (e.g. insect pollinated plants) may be 
much better represented than at sites where an atmospheric pollen contribution is dominant 
(Chmura et al., 1999). This may result in a more complete picture of past vegetation 
composition. Third, and most important, estuarine palynology has the scope to identify 
changes in both the tidal wetland zone and the upland or dry ground environment, and to 
assess the synchroneity and relationships (or contrasts) between changes in the two domains. 
Anumber of successful studies illustrate this potential (e.g. Clark & Patterson, 1985; Visset, 
1985,1987; Planchais, 1987; Saa Otero & Diaz Fierros, 1990; Diot & Tastet, 1995; Sanchez 
Goni, 1996; Andrieu-Ponel et al., 2000). 

An awareness of both the potential advantages and disadvantages of estuarine palynology, 
reinforced by a preliminary study of pollen surface samples from the marshes of the Beliche 
floodplain (Appendix A), strongly influences the approach to pollen analysis in this study. 
In addition to generally large pollen counts (typically >500 pollen and spores per sample) 
and identification to precise taxonomic levels where possible, particular attention is paid to 
the taxonomic and ecological significance of pollen types, and to the potential sources of 
pollen in terms of wetland or dry ground habitats. The impact of overrepresentation is 
assessed through the use of multiple pollen sums (Rybniekova & Rybnieek, 1971) and 
pollen concentration values. 

1.5 Structure of the thesis 

The first part of the thesis presents information about the research area and methodology of 
the study. Chapter 2 provides an overview of the geology, climate and flora of the Algarve 
and an introduction to the study areas of the Guadiana and Boina-Arade estuaries. Chapter 
3 details the methodology of the research project, including the background and method 
for each technique of sediment analysis, and the methods for pollen preparation and counting. 
The second part of the thesis relates to the characterisation and chronology of the sediment 
sequences. Chapter 4 presents the description and zonation of the sediment sequences, 
followed by zone-by-zone description of the results of sediment analyses, including LOI, 


11 



Chapter 1 - Introduction 


shell content, particle size and magnetic susceptibility data. Chapter 5 presents the 
radiocarbon data for the sequences and develops age-depth models for the sedimentation 
histories at the three locations. Chapter 6 introduces the conceptual basis for interpretation 
of the sediment records, and discusses the interpretation of changes in sedimentary 
parameters for each site in relation to changes in the depositional environments. The third 
part of the thesis relates to the presentation and discussion of the pollen data. Chapter 7 
describes the results of pollen analysis, beginning with the construction of the pollen 
diagrams and the delimitation of biostratigraphical zones, and followed by zone-by-zone 
descriptions of the pollen data for each site. Chapter 8 introduces the conceptual basis for 
the interpretation of pollen data, specifically with regard to estuarine pollen, and presents 
an interpretation of the record of vegetation changes at each site based on the pollen data. 
The final part of the thesis, chapter 9, integrates the results of sediment and pollen analyses 
to provide an interpretation of the history of depositional environments at the sites and 
vegetation history of the region. The conclusions of the study are presented in Chapter 10. 
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2 Study areas 

2.1 Algarve: a general overview 

The Algarve, the southernmost province of Portugal, is located between 37°35’ and 36°58’ 
N and between 7°25’ and 9°00’ W (Figure 2.1). The province stretches c. 135 km east to 
west and 40 km north to south, bounded by the Guadiana river to the east, the Atlantic 
Ocean to the south and west, and the province of Baixo Alentejo to the north. The highest 
point in the region is the peak of the Monchique massif (Foia, 902 m) and the mean altitude 
of the region is 182 m (Loureiro, 1983). The province is divided into three geographical 
zones which reflect the geological and geomorphological structure of the Algarve, and 
which influence vegetation, land-use and settlement. These are the Serra, an upland zone 
in the northern part of the province, the Barrocal, an intermediate zone of limestone terrain 
and the Litoral, a lowland coastal plain. Although located outside the Mediterranean 
hydrological basin, the Algarve is linked to the Mediterranean in terms of climate and 
flora. The long-term history of the Algarve also reveals the wider Mediterranean region as 
a source of cultural change and technological innovation both in prehistoric times (Zilhao, 
2000) and during later phases of Greek, Roman and north African colonisation. 
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Figure 2.1. Map of southern Portugal and location of study areas. 
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In this section, a general overview of the geology, climate and flora of the Algarve precedes 
the description of the study sites. 

2. 1.1 Geology and landforms 


The geology of the Algarve includes two distinct entities: the Palaeozoic southern Portuguese 
zone (Zona Sul Portuguesa), and the Mesozoic and Cenozoic Algarve basin (Figure 2.2). 
The area of outcropping Palaeozoic formations in the northern part of the province 
corresponds to the Serra zone, while the Algarve basin includes the Barrocal and Litoral 
zones to the south. A more detailed map of the geology of the Arade basin displays the 
major geological zones of the Algarve (Figure 2.6). The following account draws on the 
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Figure 2.2. Geological sketch map of southern Portugal, redrawn from Rocha (1976). Inset 
box shows location of Figure 2.6. 
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explicative guide of Manupella (1992), information from INAG (2000), and various other 
sources mentioned in the text. 

The Palaeozoic interior, part of the Hesperic Massif, consists principally of Carboniferous 
turbidites arranged in rhythmic sequences or flysch facies. These flysch facies are intensely 
folded and lightly metamorphosed, and have also been described as ‘metasediments’ (James 
& Chester, 1995). The Palaeozoic upland is characterised by polycyclic relief and intense 
erosion. A series of denudation surfaces are recorded at altitudes between 100 and 500 m, 
which are highly dissected by the deep incision of the region’s rivers. These characteristics 
contribute to the characteristic high relief of the Serra landscape and the dense drainage 
network. In the northwestern part of the province, a Cretaceous volcanic intrusion of syenite 
forms the Monchique massif. This massif forms the highest relief in southern Portugal, 
with the Foia peak reaching 902 m a.s.L. The Monchique massif is characterised by steep 
slopes and weakly incised rivers. 

Overlying the Palaeozoic formations on an angular unconformity is the Gres de Silves or 
Silves series, a formation of upper Triassic and lower Jurassic rocks, which outcrop along 
a narrow zone bordering the Serra across virtually the entire width of the Algarve. This 
formation is composed of a series of conglomerates, sandstones and pelites, culminating in 
a vulcano-sedimentary complex of basalts, volcanic breccias and tuffs. This series 
corresponds to a transition from continental terrigenous sedimentation to shallow marine 
sedimentation accompanied by rifting and volcanic rifting during the opening of the Algarve 
basin. In general, the rocks of the Silves series are poorly cemented and erodible. In many 
places this has produced a scarp at the boundary of the Serra, and a geomorphological 
depression in the Silves series resulting from the action of rivers such as the Arade. 

Overlying the Silves series are carbonate formations of Jurassic and Cretaceous age 
corresponding to phases of marine sedimentation in the Algarve basin. These formations, 
comprising limestones with variously coralline, oolitic and dolomitic variants, display 
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extensive faulting, folding, and karstification. These limestones form the substrate of the 
Barrocal region of the Algarve. The relative hardness of these formations has resulted in a 
generally rolling terrain with broad, shallow valleys, with peaks reaching above 300 m 
a.s.l. 

Resting unconformably above Carboniferous, Jurassic and Cretaceous formations, are 
Miocene deposits corresponding to a phase of carbonate sedimentation with terrigenous 
influence in a coastal platform setting (Lagos-Portimao formation). The Lagos-Portimao 
formations outcrops over large areas of the coastal zone, characterised by low relief and 
extensive karstification (Pais et al, 2000; Dias et al, 2002). 

Another important feature of the coastal region are reddened siliciclastic deposits of 
Quaternary age, the Faro-Quarteira formation. These sand and gravel deposits represent 
fluviatile and debris-flow transport of material derived from predominantly terrestrial sources 
— soils and weathered bedrock, bedrock outcrops and aeolian sediments — and 
corresponding to deposition in the coastal zone under a transgressive coastal regime (Chester 
& James, 1995; Moura & Boski, 1999). 

In addition to the Faro-Quarteira formation, the Quaternary is represented by fluvial and 
alluvial deposits. Quaternary gravel terraces are preserved in fragmentary form in the larger 
valleys of the Algarve, occurring between 10 and 40 m elevation and often covering valley 
spurs (Chester & James, 1991; James & Chester, 1995). As recognised by Devereux (1983), 
many valleys contain sediment fills of Holocene age. The deposition of the fills that currently 
occupy the floor of the valleys generally dates from after 3000 BP, and reflects the erosion 
ofhillslope soils, particularly in the Serra region (James & Chester, 1995). A climatic cause 
related to the seasonality of rain distribution has been proposed to account for erosion and 
valley sedimentation (Devereux, 1982, 1983). In contrast, Chester & James (1991, 1999) 
have argued the case for an anthropogenic cause for these sedimentation events. In particular. 
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these authors highlight the temporal correlation of phases of human settlement in the region 
and phases of valley alluviation. 

2.1.2 Climate 

In climatic terms, the Algarve is located at the intersection of two distinct regions; the 
Atlantic and Mediterranean. The climate of the Algarve, as of southern Portugal overall, is 
of mediterranean-type, with hot, dry summers with at least two months of drought after the 
summer solstice (P<2T, monthly precipitation less than twice the mean monthly temperature), 
and mild winters during which the majority of rain falls. Mean annual air temperature is 
16.3°C, with a minimum in January (9.9°C) and maximum in August (23.3°C); annual 
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Figure 2.3. Distribution of thermotypic stages and rainfaii (annuai mean precipitation in 
mm) in southern Portugai. Thermotypes redrawn from Rivas-Martinez et ai. (1990); 
isohyets redrawn from Mabberiey & Piacito (1993) & Aiien (2001). 
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rainfall varies from 500 to 1000 mm (Loureiro & Coutinho, 1995). These figures disguise 
major variability, both interannual and geographic. 

Within the Algarve province, climatic conditions vary in terms of temperature, seasonality 
(oceanic vs. continental) and rainfall. In terms of thermotypic classification, most of the 
Algarve is categorised as thermomediterranean (oceanic influence, mild winters) while 
some inland areas at slightly higher altitudes in the Serras are mesomediterranean (continental 
influence, cold winters) (Rivas-Martinez et al ., 1990) (Table 2.1, Figure 2.3). An nual thermic 
amplitude varies considerably from the coast to the uplands, from a minimum of 6.3°C at 
the Cabo de S. Vicente (SW coast) to a maximum of 16.5°C in Ameixial (Serra do Caldeirao, 
NE Algarve) (Loureiro, 1983). The attenuation of oceanic influence away from the coastal 
areas results in an augmentation of winter severity (frosts) from W to E and S to N. This 
trend is disrupted by the basins of major rivers like the Guadiana which permit the inland 
extension of thermomediterranean and oceanic conditions (Capelo, 1996). 

Precipitation in the Algarve varies significantly between the geographic zones (Eigure 2.3). 
The upland regions of the Monchique massif and the Serra do Caldeirao receive high annual 
orographic rainfall (1000 to 2000 mm), while the southern littoral and Guadiana valley 
receive typically less than 500 mm. Climate data for two locations, one located near the 
mouth of the Guadiana (Vila Real de San Antonio) and one within the upper part of the 
Boina valley (Caldas de Monchique), are shown in Table 2.3, illustrating the contrast in 
orographic rainfall. In terms of ombrotypic classification, areas within the Algarve range 
from dry to hyperhumid (Table 2.2). High insolation (in excess of 2800 hours per year in 
the Serras, and 3000 hours in the lowlands) and high potential evapotranspiration (average, 
850 mm per year) result in serious water deficits in some areas (Loureiro, 1983). In terms 
of plant life, the severity of drought during the dry summer season poses the main limiting 
factor on vegetation development (Capelo, 1996). 
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T 

M 

m 

It 

Thermotype 

Average annual temperature 

rc) 

Average maximum 
temperature of the coldest 
month in the year (°C) 

Average minimum 
temperature of the coldest 
month in the year (°C) 

Thermicity index 

10 (T + M + m) 

Thermomediterranean 

(15) 16 to 18 (19) 

(12) 14 to 18 (20) 

(3) 5 to 9 (10) 

350 to 450 

Mesomediterranean 

(12) 13 to 16 (17) 

(7) 9 to 14 (1 7) 

(-3) -1 to 5 (7) 

210 to 350 


Table 2.1. Normal values (and limits) of several climatic variables for the thermomediterranean 
and mesomediterranean thermotypes. From Rivas-Martlnez eta!., 1990. 


Ombrotype 

Precipitation (mm) 

Dry 

350 to 600 

Subhumid 

600 to 1000 

Humid 

1000 to 1 500 

Hyperhumid 

1500 to 2300 


Table 2.2. Classification of ombrotypes occurring in the Algarve by annual precipitation. 


Station 

Alt. (m) 

T 

M 

M 

It 

P 

Bioclimatic stage 

V.R.S. Antonio 

7 

17.2 

15.4 

6.8 

394 

483 

Thermomediterranean, dry 

Caldas de Monchique 

203 

17.4 

15.3 

7.2 

399 

1093 

Thermomediterranean, 

humid 


Table 2.3. Climate data for two Algarve climate stations. From Rivas-Martinez et a/., 1990. 
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2.1.3 Flora 

The Portuguese flora, numbering about 2500 speeies of vaseular plant (Mabberley & Placito, 
1993) ineludes European, Mediterranean, Macaronesian (Atlantie island) and North Afriean 
elements. Fossil evidenee suggests a marked impoverishment of the Portuguese flora since 
the Pliocene, possibly associated with aridification during the Quaternary glacial periods 
(Pais, 1989). While the Algarve flora contains representatives of the various 
phytogeographical groups, the vegetation is Mediterranean in character, with widespread 
communities of evergreen trees and shrubs adapted to summer heat and drought, ephemeral 
herbaceous plants and a wide variety of drought-tolerant geophytes or bulbous plants. In 
common with much of the Mediterranean basin, much of the rural landscape is dominated 
by evergreen shrublands tolerant of fire and grazing, and under various degrees of pressure 
from human disturbance (Blondel & Aronson 1999). The following account of the main 
vegetation elements draws on several references (Braun-Blanquet etal., 1956,1964; Malato- 
Beliz, 1982; Rivas-Martinez et al, 1990; Mabberley & Placito, 1993; Simonson, 1994; 
Capelo, 1996), and focuses on the vegetation types most critical to the interpretation of the 
pollen records. The rich Algarvian dune and cliff vegetation is not described. 

2.1.3.1 Forests 

In common with many parts of the Mediterranean basin, evidence for the composition and 
structure of natural forest vegetation is scarce. Across vast areas of southern Portugal, the 
history of agricultural and pastoral activities has produced a landscape of parkland character 
quite different from a forest environment. This parkland landscape, best developed in the 
montados (Spanish equivalent: dehesas) of the Alentejo, contains scattered oaks (mainly 
Quercus suber, the cork oak, and Quercus rotundifolia) above a grazed vegetation of annual 
plants and low shrubs. Only in inaccessible areas on steep terrain where agriculture has 
been restricted do relict stands and copses provide insights into the composition and structure 
of forests which must formerly have been of much wider extent. 

The drier parts of the Algarve province (dry to sub-humid ombrotypes) are considered the 
domain of Quercus rotundifolia (a closely related species or possible subspecies of Q. ilex) 
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accompanied by the wild olive {Olea europea var. sylvestris), and the more moist areas 
(sub-humid to humid) the domain of Quercus suber (Capelo, 1996). Other speeies of oak 
oeeur in the Algarve, notably in the humid Serra de Monehique, where semi-evergreen Q. 
canariensis and Q. faginea are eonsidered elements of the native forest (Malato-Beliz, 
1982). Deeiduous Q. robur and Q. pyrenaica have also been reeorded from the Monehique 
area, far south of their main distributions (Simonson, 1994). It is not elear whether these 
refleet relies of a formerly more extensive distribution or historie introduetion as ornamentals. 
In reliet forest stands on deep, humus rieh soils, a multi-storeyed strueture is doeumented 
with broadleaf evergreen shrubs {Viburnum, Myrtus, Phillyrea), lianas {Smilax, Clematis, 
Hedera andi?05a) and shade-tolerant herbs (Carex, Luzula, Deschampsia, Rubio) (Capelo, 
1996). 

In the eoastal zone, espeeially in the eastern Algarve, there are pinewoods of Pinus pinea 
and P. pinaster. These woods eontain an understorey of shrubs ineluding the switeh-leaved 
Lygos monosperma (Fabaeeae), Cistus salvifolius. Erica umbellata, Halimium calycinum, 
and a rieh geophyte flora ineluding speeies of Scilla, Asphodelus, Fritillaria and 
Ornithogalum. 

The landscape and vegetation of the Algarve have been mueh altered by agrieulture, and 
many of the eommon trees in the landseape are planted. In the Serra, there are extensive 
agro forestry plantations of Pinus pinaster and Eucalyptus. In the Barroeal region, traditional 
dry orehards of almond, olive, fig and earob are eommonplaee, although their commereial 
value has been superseded by irrigated Citrus agrieulture. 

2.1.3.2 Shrublands 

Aeross the Algarve, extensive areas of both the lowland and upland landseape are dominated 
by semi-natural shrublands of variously selerophyllous (leathery-leaved), armoured (thorny, 
spiny, priekly) and aromatie plants. The strueture and eomposition of these shrublands is 
eonditioned and maintained by grazing and browsing, burning and nutting. Shrub 
eommunities range from tall thiekets (known in Portuguese as matagais), through dense 
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scrub of intermediate height less than 2 m (matos) to open, dwarf-shrublands lower than 
knee-height (charnecas). The density and stature of these communities decreases with the 
intensity of anthropic pressures. 

Tall thickets up to 4m high of Quercus coccifera, Juniperus or Pistacia lentiscus with 
Olea, Phillyrea, Rhamnus, Myrtus and Asparagus are considered a permanent community 
of the xerophytic forest margins on incipient soils and also representative of the first stages 
of degradation (Capelo, 1996). Erica arborea, Arbutus unedo and Viburnum are characteristic 
of thickets of the Q. suber domain. 

The most important plants of the matos shrublands are members of the families Cistaceae, 
Ericaceae, Fabaceae (Leguminosae) and Labiateae (Lamiaceae). Overall, shrub communities 
dominated by Cistus occur in the drier ombrotypes, while heath communities occur in the 
wetter ombrotypes. On the siliceous soils of the Serra, members of the Cistaceae family 
{Cistus ladanifer, C. monspeliensis, C. salvifolius) accompanied by Lavandula spp. and 
leguminous shrubs {Genista, Astragalus and Ulex spp.) dominate under a dry to subhumid 
regime, while heathlands with Erica spp. and Calluna vulgaris predominate under a wetter 
(sub-humid to humid) regime. On calcareous soils of the Barrocal, species-rich shrublands 
are observed with Quercus coccifera, Olea europea, Jasminum fruticans, Phlomispurpurea, 
Asphodelus and the palm Chamaerops humilis. A heterogeneous mix is observed, with 
dome shaped thickets of dense vegetation up to 2 m high {Pistacia lentiscus, Q. coccifera. 
Daphne, Rhamnus, Juniperus) surrounded by areas of low shrubs {Cistus salvifolius, 
Lavandula spp., Rosmarinus, and a rich flora of geophytes (bulbous plants) and annuals 
including Asphodelus and Scilla. Where anthropic pressures are most intense, particularly 
in the littoral zone, the shrublands take on an open character. Characteristic species of 
these areas include the herbaceous member of the Cistaceae family, Tuberaria guttata, 
plantains {Plantago spp.) and grasses. 
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2.1.3.3 Wetland vegetation 

The Algarve is rieh in riverine and estuarine wetland habitats, but poor in lacustrine habitats 
(Pullan, 1988). With a relatively high tidal range compared with areas within the 
Mediterranean basin, extensive areas of saltmarsh are developed in many of the Algarve’s 
estuaries. The halophytic vegetation of saltmarshes is dominated by succulent plants of the 
family Chenopodiaceae, including shrubby species of Arthrocnemum (Sarcocornia), 
Atriplex, Limoniastrum, Halimione, Salsola and Suaeda, and annual species of Salicornia. 
Chenopodiaceae are accompanied by other plants tolerant of flooding by saltwater, including 
Aster tripolium, Inula crithmoides, Artemisia spp.,Armeria spp., Limonium spp., Spergularia 
and Frankenia laevis. A number of grasses (Poaceae) such as Puccinellia maritima, 
Parapholis filiformis and Hordeum marinum, and sedges (Cyperaceae, e.g. Scirpus 
maritimus) are also important saltmarsh constituents. 

A characteristic series of changes in the saltmarsh vegetation is observed seaward to landward 
and with low to high position relative to the tide. The cordgrass, Spartina maritima, occupies 
the lowest tidal position, accompanied by a flora of green algae, or Chlorophyta. This is 
followed by a zone with Arthrocnemum perenne, then of A. fruticosa and Atriplex 
portulacoides. Next, a zone of Arthrocnemum macrostachyum and Suaeda vera, often 
invaded by grasses, is interspersed with areas of bare ground or sterile marsh. Characteristic 
plants of the transitional, brackish areas between estuary and river floodplain include the 
reed Phragmites australis, Juncus acutus and J. maritimus and Tamarix africana. 

The freshwater domain includes the many small rivers and streams of the Algarve. River 
banks are colonised by the giant reed, Arundo donax, and spiny brush of Rubus ulmifolius 
and Rosa canina. Gravel stream beds, periodically submerged by floodwaters, are colonised 
by the rheophytes Tamarix africana and Nerium oleander. Fragments of riverine woodlands 
occur in some Algarve valleys, with narrow-leaved ash {Fraxinus angustifolia), willow 
{Salix salviifolia), alder (Alnus glutinosa) and poplar {Populus nigra), accompanied by a 
herbaceous flora including Osmunda regalis. Arum italicum and Scrophularia scorodonia. 
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Water-lilies (Nuphar and Nymphaea) and Myriophyllum alterniflorum occur in slow-flowing 
rivers, while Typha latifolia, Iris pseudacorus, Alisma plantago-aquatica and other 
freshwater aquatics occur in marshes bordering waterways. 

Although of minor spatial extent, seasonal freshwater wetlands occurring in shallow 
depressions and small basins and drying out completely during the summer months are of 
significant ecological and botanical interest. These temporary ponds and pools, occurring 
in both upland and lowland settings on acidic and basic substrates, provide habitats for 
distinct plant communities with species of Isoetes, Juncus, Lythrum, Ranunculus and 
Callitriche and members of the Cyperaceae family (Pinto-Gomes et al, 1999). 

2.2 Guadiana estuary 

The Guadiana is one the largest rivers of the Iberian peninsula, and the most important 
river flowing through southern Portugal. As such, the Guadiana has been the focus of 
scientific research in a variety of fields. The following sections draw on the published 
literature on the geological history and modem sedimentary dynamics of the Guadiana 
estuary. 

2.2.1 Physiographic setting 

The Guadiana is one of the major rivers of the Iberian peninsula, with a total length of 730 
km and a drainage catchment of c. 67,000 km^ (Lobo et al, 2003). The last 200 km forms 
a natural border between Portugal and Spain. The tidal segment of the Guadiana extends 
over 50 km inland to the vicinity of Mertola in the province of Baixo Alentejo (Ruiz et al, 
1996), and follows a N-S trend perpendicular to the coast defined through fluvial incision 
during the Quaternary (Boski et al., 2002). In this section, the Guadiana is incised into the 
Hercynian basement consisting of Carboniferous metasediments. The resistant bedrock 
defines the channel morphology of the valley — narrow and deep, about 600 m wide and 
70 m deep (below mean sea level) at around 7 km from the mouth of the river (Boski et al., 
2002: 104). Only the terminal 5 km are underlain by Cretaceous and Jurassic limestones 
permitting a widening of the valley. The contrast in valley form underlines the observation 
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Substrate □ 

Figure 2.4. Map of the Guadiana estuary, showing hydrodynamic domains. Adapted from 
Borrego etal. (1995) and Ruiz etal. (1996). Numbered iocations refer to Guadiana 
borehoies CM1-4 (Boski etal., 2002) and CMS (this study). Soiid iine north of CM1 shows 
iocation of internationai bridge and destructive driiiings (Figure 2.5.). 


of two distinct physiographic domains (Morales, 1997): a) the estuarine valley, characterised 
by the complex interaction between fluvial and marine hydrodynamic and sedimentary 
processes, and b) a prograding deltaic complex of barrier sands and marshes around the 
mouth of the main estuary channel dominated by wave aetivity. 

2.2.2 Hydrodynamic setting 

The Guadiana estuary experiences mesotidal conditions, with a mean tidal range of 2.0 m 
(mean neap range 1.22 m and mean spring range 2.82 m) ( Morales, 1997). The tidal wave 
moves along the coast of the Gulf of Cadiz from east to west. Within the estuary, the width- 
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depth ratio of the tidal ehannel eompensates the effeets of frietion and eonvergenee, and 
the tidal wave propagates in synchronic manner, with the tidal range remaining constant up 
to 50 km from the mouth (Borrego et al. 1995; 153). The ebb tide is of longer duration than 
the flood tide, resulting in a net sediment transport toward the coast (Morales, 1997). The 
coastline is exposed to waves of medium and low energy, of both Atlantic swell and local 
origin. The prevailing waves, resulting from Atlantic swell energy and coming from the 
southwest, produce a strong east-to-west longshore current. In general terms (Davis & 
Hayes, 1984), the Gulf of Cadiz coast may be classified as a mixed-energy, tide-dominated 
coastline (Borrego et al, 1995). 

Mean fluvial discharge for the Guadiana river is 144.4 m^-s"' (Borrego et al, 1995). The 
water discharge of the Guadiana river, in common with other rivers in the region, is strongly 
seasonal, with winter discharge reaching in excess of 3000 m^-s'* and summer discharge 
falling to as little as 10 m^-s"' (Gonzalez et al, 2004). Inter annual variability is also high 
(Morales, 1997). The position of the fresh water/sea water interface and the extent of mixing 
in the estuary is conditioned by fluvial discharge. Under mean discharge conditions, the 
estuary becomes well stratified (Borrego et al, 1995). 

Three domains may be identified on the basis of hydrodynamic criteria; 1) an upper estuarine 
domain, extending from north of Mertola to Alamo, characterised by predominantly fresh 
water and the dominance of river currents; 2) a central estuarine domain, extending from 
Alamo to Beliche, characterised by the mixing of fresh and salt water and dominated by 
tidal currents; 3) a marine domain, extending from Beliche to the mouth of the river, and 
characterised by predominantly salt water and marine action (tides and waves) (Ruiz et al, 
1996) (Figure 2.4). 

2.2.3 Sediment supply 

The Guadiana estuary is in an advanced state of infilling and undergoing deltaic progradation. 
Progradation is favoured by a high sediment supply and the narrow, bedrock-controlled 
morphology of the estuary. Sediment supply to the Guadiana estuary is of two main sources; 
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fluvial and marine. The Guadiana supplies a large volume of fluvially-derived sediments to 
the estuary. Although there are no published data on the Guadiana sediment supply, Morales 
(1993, cited in Morales, 1997: 130) estimated the suspended sediment load at 57.90 x 10"^ 
m^-yr' and bedload at 43.96 x lO"* m^-yr'. During modal discharge conditions, the bulk of 
sediments brought into the estuary are reworked by the tide and carried out to the shelf 
Together with the Guadalquivir, the Guadiana is the most important supplier of fluvial 
sediment to the Gulf of Cadiz shelf (Lobo et al, 2004). However, during maximum 
instantaneous discharge, most of the sandy sediment remains in the estuary (Morales, 1997). 

Some of the sediment contribution to the estuary derives from marine sources via longshore 
drift. Prevailing onshore wave conditions along the coastline produce an eastward net annual 
littoral drift with potential sediment transport between 100and300 x 10^ m^-yr'of sediment 
(Morales, 1997). This current carries predominantly sandy sediments from the friable 
lithologies of the southern Portuguese coast towards the eastern portion of the Gulf of 
Cadiz. While some of these sand- and gravel-sized sediments are trapped in the Guadiana 
estuarine system as they pass the river mouth, most sediment bypasses the Guadiana mouth 
and remains within the inner shelf area (Morales, 1997). 

2.2.4 Modem Sedimentary environments 

The present estuary is characterised by a wide variety of sedimentary sub-environments, 
e.g. sub-tidal and intertidal chaimel, chaimel margin, tidal flat, saltmarsh and sand spit. The 
distribution of these sub-environments within the estuary and the characterisation of 
lithofacies from the different settings is dealt with in detail by Borrego et al. (1995) and 
Penddn & Morales (1997). Overall, sediment texture, physical sedimentary structures (e.g. 
desiccation cracks, ripple laminations), biological content (e.g. shells, plant debris) and the 
extent of bioturbation provide the criteria for discrimination of depositional facies associated 
with the various sub-environments. 

The work of Borrego et al. (1995) and Penddn & Morales (1997) demonstrates that lithofacies 
characteristics are conditioned primarily by sediment supply and variation in the relative 
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influence of fluvial, tidal and wave-related processes associated with the hydrodynamic 
domains of the estuary. The upper estuarine domain of the Guadiana is characterised by 
fluvial sediments and bedforms showing only limited evidence of tidal influence. For 
example, channel bed and lateral bar deposits are dominated by gravels, and adjacent supra- 
tidal marsh deposits of silts, sands and gravels display grain-size alternations associated 
with energy fluctuations in the fluvial regime (Pendon & Morales, 1997). In the central 
estuarine domain, sediment supply is primarily fluvial but dynamic processes are dominated 
by the strong influence of tidal currents. This dominance is evident, for example, in the 
high degree of sorting of sands in deeper areas of the estuarine channel, and in characteristic 
tidal structures such as flaser and wavy bedding in deposits of alternating fine sands and 
organic rich muds occurring in shallow channel areas (Borrego et al, 1995). The marine 
domain is characterised by a diversification of depositional facies, reflecting the interaction 
of river, tide and wave processes and a two-fold sediment supply, i.e. sands of fluvial and 
marine origin. A wide variety of bedforms and sedimentary processes, and extensive spatial 
variability are observed in this domain. Considering channel facies as an example, both 
deep and shallow channel facies consist of sandy sediment with abundant shell fragments; 
however dense networks of tidal channels unconnected to the main estuarine channel exhibit 
a range of sediment types including bioturbated muds, muddy sands and well-sorted clean 
sands (Borrego et al, 1995). 

2.2.5 Sedimentary infill 

Borehole data provide evidence for the structure of the sedimentary infill of the Guadiana 
estuary. Destructive drillings from the construction of the Guadiana international bridge 
(Figure 2.5) show three main lithostratigraphical units (Boski et al, 2002): 1) a pre-Holocene 
gravelly layer of fluvial origin overlying the Carboniferous basement, with thicknesses up 
to 35 m in the valley thalweg, containing frequent intercalations of finer sediments; 2) a 
15—20 m thick unit of clay and silt with intercalation of fine and medium sands; and 3) a 
sandy unit up to 15m thick. The location of four cores drilled near the town of Castro 
Marim (CM 1-4, Boski et al, 2002) is shown in Figure (2.4). Boreholes CMl and CM3 (42 
and 36 m deep, respectively) are located near the main estuarine channel and confirm this 
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Figure 2.5. Schematic cross section of the Guadiana infiii. Cross section iocated ca. 8km 
from the mouth of the principai channei, based on destructive driiiings made during the 
construction of the Guadiana internationai bridge. Redrawn from Boski eta!., (2002). 


sequence of lithostratigraphical units. Coarse sands and gravels are recorded in the lowest 
part of the cores, followed by thick sequences of clays and silts with shells and organic 
matter, followed by tidal sand deposits above c. 15 m depth (relative to present mean sea 
level). The stratigraphic units (1,2,3) show a close correlation with spatially extensive seismic 
units identified through high-resolution profiling of the terminal segment of the Guadiana 
(Lobo et al, 2003). 

Two other cores CM2 and CM4, contain different sediment sequences, related to their 
locations in the estuary. Core CM2, located in a back-barrier lagoon distant from main 
channel, contains a shallow (c. 10m) sequence of shelly clays deposited between c. 6000 
and 3000 '"'C bp (c. 6800 and 3200 cal BP), overlying a thin layer of micaceous sands and 
gravels at the core base. Core CM4, located in the prograding delta area of the Guadiana, 
contains a complex sedimentary sequence of c. 36 m depth with a transition from coarse 
fluvial and deltaic fan deposits to sandy deposits associated with the barrier complex. 

Radiocarbon dating confirms the Holocene age of the upper part of the fill (units 2 and 3), 
and places the main period of sedimentation in the estuary between 9800 and 3000 ''‘C bp 
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(c. 11,200-3200 cal BP) (Boski et al ., 2002). The contrast between units 2 and 3 is attributed 
to the introduction of shelf sands to the estuary after 7500 '"'C bp and to deceleration in the 
rate of sea-level rise after 6500 bp. After 3000 bp, the main area of sedimentation 
shifted from within the estuarine valley to the river mouth. Promoted by a number of factors, 
including sea-level stabilisation, moderate to high sediment supply, and infilling in the 
estuarine valley, a prograding delta complex developed at the river mouth (Morales, 1997). 

Within the estuarine valley, a long term trend (continuing in the present estuary) of accretion 
on the western side of the estuary and erosion on the eastern side has resulted in the eastward 
migration of the axis of the principal estuarine channel; this trend accounts for the observed 
asymmetry in the incision of the river valley (Boski et al, 2002). 

2.2.6 Study site: core CMS, Beiiche-Guadiana 

The CM5 borehole is located on the floodplain of a small tributary of the Guadiana, the 
Beliche river, c. 500 m west of the main chaimel of the Guadiana (Figure 2.4). The confluence 
of the Beliche and Guadiana rivers is located c. 10 km inland of the mouth of the Guadiana. 
The borehole is located in a saltmarsh within the upper ranges of the intertidal zone of the 
Guadiana river, and is inundated during spring high tides. The general location lies at the 
seaward limits of the central estuarine domain of the Guadiana estuary. 

The Beliche itself is a relatively small river contained entirely within the eastern part of the 
Algarve province. The Beliche drains an area of c. 116 km^ of the planalto or upland of the 
Serra do Caldeirao. The drainage basin of the Beliche is located entirely on heavily-folded 
Palaeozoic turbidites of the Zona Sul Portuguesa (Manupella, 1992). The basin rises to c. 
500m a.s.L, and displays the steep, intensely dissected terrain that characterises upland 
areas of the Algarve. The floodplain of the Beliche contains a mosaic of agricultural, pastoral 
and semi-natural environments. A zone of Spartina maritima occurs in the lowest areas of 
the marsh on the edge of the Guadiana. Away from the Guadiana, this zone rapidly gives 
way to more extensive upper marshes of shrubby halophytic plants of the Chenopodiaceae 
family {Arthrocnemum and Limoniastrum spp.) interspersed with areas of sterile marsh 
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with evaporative salt crusts. Progressing inland and towards the edges of the valley, a 
transitional saline/freshwater zone which is subject to grazing by cattle displays a vegetation 
of with Suaeda vera, Juncus sp., grasses and a wide range of herbaceous plants {Rumex, 
Plantago, and numerous Asteraceae spp.). Patches of wet woodland with Fraxinus 
angustifolia and Tamarix africana occur near the fluvial channels. Vegetation in the 
surrounding areas is a mixture of agricultural land and maquis. To the south of the core 
location, the hills are covered in dry orchards of carob {Ceratonia siliqua) and winter arable 
crops with a summer flora rich in herbaceous annuals. To the north of the core location, a 
maquis with Cistus ladanifer and C. monspeliensis, Phillyrea angustifolia, Genista sp. and 
Lavandula stoechas occurs on the hill-slopes and encroaches on a narrow zone of former 
agricultural activity at the break of slope. 

2.3 Boina-Arade estuary 
2.3.1 Physiographic setting 

The Boina-Arade estuary is located in the western Algarve near the city of Portimao. The 
Y-shaped estuary represents the drowned valley of the combined Boina and Arade rivers, 
which meet about 4 km landward of the modem shoreline (Figure 2.6). The Arade is the 
largest river contained within the Algarve province, which, together with its tributary the 
Odelouca river, drains a basin of c. 966 km^ including the western portion of the Serra do 
Caldeirao and the eastern slopes of the Monchique massif. The course of the Arade mns 
ENE-WSW, with a length of 75.1 km and a mean gradient of 0.6% (INAG, 2000). The 
upper reaches of the Arade cross the Carboniferous metasediments of the Serras, while in 
the lower reaches, in the vicinity of Silves, the river flows across the Silves series. 

The Boina river is a high-gradient mountain river renowned for its flash-floods (Boski, 
pers. comm.) fed by high orographic rainfall in the Monchique uplands. The river rises on 
the southern slopes of the Eoia and Picota peaks of the Monchique massif, and flows N-S, 
crossing the major geological boundaries of the Algarve. The drainage catchment is fairly 
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Figure 2.6. Geology of the Portimao Area, redrawn from Manupella (1992). 
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small (c. 78 km^), with a river course of 26.1 km in length and a mean gradient of 2.6 % 
(INAG, 2000). 

The terminal segment of the combined Boina-Arade rivers is cut into calcareous rocks and 
reaches a maximum depth of about 30 m. The estuary experiences a mesotidal regime. The 
main tidal channel follows the Arade valley, where the tidal segment of the Arade river 
extends inland for about 16 km, above the town of Silves. Tidal marshes are well developed 
around the area of the Boina-Arade confluence, and flanking the valleys of the Boina and 
Arade. In general, these marshes show extensive modifications through activities related to 
drainage, agriculture and aquaculture. 

2.3.2 Study site: core P2, Arade 

The P2 borehole is located near the margin of the Arade estuarine channel approximately 4 
km from the confluence with the Boina and approximately 8 km inland from the coast 
(Figure 2.6). The core site is located on the western edge of an extensive area of reclaimed 
cultivated land, the Tapada do Corte, which is developed on estuarine/alluvial deposits. 
The slopes surrounding the tapada are covered in a tall scrub vegetation with Olea, Quercus 
coccifera, Juniperus, Cistus albidus, Smilax aspera and Daphne. 

2.3.3 Study site: core P5, Boina 

The P5 borehole is located approximately 2 km upstream of the confluence of Boina and 
Arade rivers, in an area of saltmarsh called the Sapal do Vau, towards the inland limits of 
the intertidal part of the Boina valley (Figure 2.6). In this area, the western slopes of the 
valley are covered in settlements, gardens and agricultural plots, while the eastern slopes 
have a scrub vegetation with Olea, Pistacia and Quercus coccifera. The core site is located 
near the landward extent of strong tidal influence, as evidenced by the decline of halophytic 
marshes with Chenopodiaceae and their replacement by brackish and freshwater floodplain 
vegetation within c. 1 km upstream. 
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3 Methodology 

3.1 Sample collection and preparation 

3.1.1 Sampling strategy 

Sampling for pollen and sedimentary analyses was undertaken in the sediment laboratories 
of the Universidade do Algarve, Faro, Portugal. The choice of sample depths was made 
with the aims of obtaining a representative sampling of the various lithological units 
encountered in the cores, and of maintaining a regular depth distribution of samples, where 
possible based on a 32cm spacing. Sampling strategy was conditioned, however, by a number 
of other factors, namely incomplete core recovery, access to material, and to some extent 
the palynological richness of the material (as determined during initial experiments during 
the early phases of this study). 

Core recovery at the time of drilling (indicated on the core summary diagrams. Chapter 4) 
was not complete, placing restrictions on the availability of material for sampling. Core 
recovery is especially poor, for example, in the sandy upper sections of cores P2 and P5. 
The larger between-sample spacing at some depths reflects missing core sections. Access 
to the cores was also different for the three sites. For core CM5, vials of sediments had 
been refrigerated and set aside with a view to future pollen analysis at the time the core was 
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first sampled at CIMA (prior to the commencement of this study). Only a pre-selected 
range of sample depths was available for analysis. Sediment samples from cores P2 Arade 
and P5 Boina, however, were taken directly from archived core sections, in consultation 
with core log descriptions. Finally, a preliminary assessment of the palynological content 
of the cores identified both sections of particular interest and sections with poor pollen 
preservation. Although no sections were excluded from further sampling on this basis, 
some sections (e.g. uppermost metres of core CMS) were sampled more intensively. 

3.1.2 Sample collection and storage 

Sediment samples from core CMS Guadiana of c. 20 cc were collected from refrigerated 
vials of moist sediment using a clean spatula, and stored in airtight bags. Sediment samples 
from cores P2 Arade and PS Boina were taken directly from archived core sections, which 



Figure 3.1. Strategic sequence of analyses for small sediment samples 


had been stored in plastic guttering, wrapped in cling-fdm and stored at room temperature 
(and were, in effect, air-dried). Samples of c. lScc-20cc were taken using a knife and 
spatula from single-centimetre bands (excluding material from the edges of the core) at 
selected depths. Samples were placed in airtight bags and transported to Cambridge for 
subsequent analysis. 
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3.1.3 Subsampling and preparation for analysis 

As the overall quantity of sediment available for eaeh sample was fairly small, a eonsidered 
sequenee of analyses was neeessary, taking into aeeount the sediment requirements and 
losses relating to the various techniques (Figure 3.1). At each stage, care was taken to avoid 
cross-contamination between samples, with washing and force-drying of all sampling 
equipment between samples. 

1 cc sub-samples were taken for loss-on-ignition (LOI) and pollen analysis using a calibrated 
volumetric sampler. In the case of unconsolidated (e.g. sandy) sediments, the lee chamber 
of the volumetric sampler was packed and gently tamped using a spatula to provide sediment 
plugs of comparable density. The remainder of the sediment samples, to be used for magnetic 
susceptibility and particle size measurements, were air dried at room temperature for 48 
hours and weighed. The samples were then gently broken down using a ceramic mortar and 
pestle and passed through a 2mm sieve. 

From cores CM5 and P2, only shell material was collected in the 2mm sieve. From core P5, 
however, gravel clasts were also encountered, which were then passed through a nest of 
sieves (16mm, 8mm, 4mm, 2mm; -4 to -1 O) and the various fractions weighed. All 
gastropods and intact valves observed during disaggregation were collected, along with all 
shell fragments >2mm. This shell material was weighed to provide an estimate of the 
concentration of shell in each sample. 

3.2 Methods for sediment analyses 

3.2.1 L oss-on-ignition 

3.2.1.1 Background 

In soils and sediments, carbon is present in three basic forms; organic, elemental and 
inorganic (Schumacher, 2002). Organic carbon forms, derived from the decomposition of 
plants and animals, include a variety of organic substances including carbohydrates, proteins, 
waxes and organic acids. Elemental carbon forms include charcoal, graphite and coal derived 
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from the combustion products of organic material and geological sources. Inorganic carbon, 
of which carbonate minerals such as calcite (CaCO^) and dolomite [CaMg(C 03 ) 2 ] are the 
predominant representatives in soils and sediments, is derived from a variety of geological 
and biogenic sources. 

As an analytical technique, loss-on-ignition (LOI) relies on the principle that different 
forms of carbon become volatile at different temperatures. At moderate temperatures between 
200°C and 600°C, organic matter (including organic and elemental carbon forms (Ball, 
1964)) is oxidised, producing carbon dioxide and ash. At high temperatures (generally 
>800°C), carbonate compounds become volatile, producing carbon dioxide and oxide residue 
(Dean, 1974). The measurement of weight loss for a sediment sample following sequential 
heating at controlled temperatures (ashing) can therefore provide an indication of the relative 
proportions of different carbon forms in the composition of a sample. Although LOI values 
for organic matter and carbonate content must be considered “rough determinations” 
(Bengtsson & Enell, 1986; 428), the correlations between LOI and organic C and CaC 03 
content as determined by other analytical techniques are generally very good (Ball, 1964; 
Dean, 1974; Sutherland, 1998; Konen et al ., 2002). Moreover, compared with other analytical 
techniques such as dry combustion or wet chemical oxidation, LOI is quick, inexpensive, 
relies on readily available equipment, and does not require dangerous chemicals. 

Although LOI is a widely used technique in geological, marine and soil science investigation 
(Bisutti et al, 2004), published methodologies vary considerably and some concern 
surrounds the influence of methodological choices and the comparability of results (Hieri 
et al ., 2001). It is critical, therefore, to adhere to an explicit protocol and to maintain standard 
combustion times and temperatures for reproducible LOI results. Concern also surrounds 
the interpretation of LOI values because of weight losses incurred during ashing from non¬ 
carbon sources, such as structural water in clays and volatile salts (Mook & Hoskin, 1982), 
and because of low temperature loss of inorganic carbon from certain carbonate minerals 
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(Krom & Berner, 1983; Sutherland, 1998). In light of this concern, an additional ashing 
stage was undertaken in this project. 

3.2.1.2 Method 

In this study, a modified version of the Bengtsson & Enell (1986) protocol was followed, 
with ashings at 400°C, 550°C and 950°C. The ashing of the organic fraction was undertaken 
at 400°C. The results of ashing at this temperature are considered a reliable estimate of 
organic matter content (Keeling, 1962; Ball, 1964; Konen et al., 2002). Losses incurred 
during the second ashing at 550°C will reflect a residual organic fraction (possibly with 
certain elemental carbon forms such as graphite predominant (Blanchard, I960)), the bulk 
of water loss from clay minerals (Mook & Hoskin, 1982), and possibly some early loss of 
carbonate minerals (Sutherland, 1998). Ashing at 950°C completes the evolution of CO^ 
from carbonates and the results provide an estimate of the carbonate content of the sediment 
samples (Dean, 1974). In this study, we focus on the results of ashing at 400°C (LOl^gg) as 
an indicator of organic matter content and 950°C (LOIg^^) as an estimate of carbonate content. 

Ashing time at each stage was 6 hours. This exposure time has been demonstrated to be 
sufficient to ensure complete ashing for both organic matter and carbonate content in a 
variety of sample types (Krom & Berner, 1983; Luczak et al., 1997; Heiri et al, 2001). In 
order to ensure comparable results, sample size, furnace temperatures and ashing times 
were kept constant throughout the research. Sample order within the furnace was maintained 
between ashings for sample batches. Crucibles were handled at all times with tongs, and 
samples were weighed prior to reaching room temperature to prevent weight gain through 
uptake of moisture from the air. 

Ice sediment samples (mean weight 1.77g, StDev 0.173g) were placed in dry, pre-weighed 
crucibles and weighed to determine the moist sediment weight (MW). The samples were 
force dried overnight at 105°C in a drying oven and weighed again to determine the sediment 
dry weight (W^^^). For samples from core CMS (Guadiana), the water content of the 
sediments was then calculated, following Bengtsson & Enell (1986): 
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Water content (%) = 100 x (MW - / MW 

Samples from cores P2 and P5 (Boina-Arade estuary) were already air dried and their 
water content is not considered further. 

The samples were then heated at 400°C for 6 hours in a muffle furnace. Samples were 
allowed to cool to 105°C, transferred to a warm drying oven to prevent rehydration from 
moisture in the air, and weighed again (W^qq). The loss-on-ignition at 400°C (estimated 
organic content) as a proportion of the sediment dry weight was calculated; 

LOI = 100 X (W -W )/W 

The procedure was repeated at 550°C and 950°C, calculating loss-on-ignition at 550°C 
(LOIjjq) and 950°C (LOI^jg) in a similar manner; 

LOI = 100 X (W -W )/W 

LOI = 100 X (W -W )/W 

^ 950 V'^’ 550 ’’ 950^' 105 

Assuming that carbonates are present mainly in the form of calcium carbonate, an estimated 
value for CaC 03 content was derived, following Dean (1974;243); 

CaC 03 content (estimated) = LOI^^g */ 

where /is a conversion factor reflecting the proportion of carbon dioxide in calcium 
carbonate; 

/= (molecular weight of CaC 03 ) / (molecular weight for C02) = 100 / 44 = 2.27 
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Finally, an estimate of the residual mineral component may be derived as follows: 

Mineral residue = 100 - (LOI^gg + LOI^^q + (LOIg^g * fj) 

This value is presented in the results as a rough estimate of the non-carbonate mineral 
component in the sediments. 

3.2.2 Particle size analysis 

3.2.2.1 Background 

Granulometric or particle size investigations have proved an important tool in the 
environmental analysis of Holocene coastal and estuarine deposits on the Iberian margin 
(e.g. Borrego et al., 1995, 1999; Morales, 1997; Pendon et ah, 1998; Bao et ah, 1999; 
Psuty & Moreira, 2000; Boski et al., 2002). Although no universal model exists to distinguish 
past depositional environments on the basis of particle size data (McLaren, 1981; McManus 
1988), the particle size characteristics of a sediment can provide indications of the energy 
conditions, transport mechanisms and sorting processes affecting a depositional location 
(Long etal, 1996). This information, in concert with other sedimentological and biological 
proxies, can be extremely useful in characterising the depositional setting. 

Estuaries are complex and varied sedimentary environments, where sedimentation is 
conditioned by a variety of factors, including river discharge, tidal flow, salinity and 
topography (Dyer, 1979). Estuarine sedimentary sequences may contain a wide range of 
particle sizes, from cohesive clays and silts associated with saltmarshes and mudflats to 
sands and gravels of channel fills and coastal barriers. Measurements of particle size are 
sensitive to such factors as the location of saltmarsh edges, relative water depth and sea- 
level rise on mudflats and saltmarshes, seasonal controls on deposition, the degree of 
evolution of tidal creek networks, and the impact of storm or tsunami events (Allen, 1996; 
Eario et al, 2001; Dark & Allen, 2005). Particle-size analyses are therefore a valuable tool 
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in the study of past depositional environments within estuarine settings, assisting in the 
identification of both long-term changes related to the evolution of an estuary and in the 
identification of specific sub-environments. 

A wide range of granulometric techniques are available to the sedimentologist (McManus, 
1988). In the study of sediment samples from coastal and estuarine sequences, instruments 
using X-ray nephelometry or the scattering of laser or polarised light have largely replaced 
the older methods based on the pipette, hydrometer or Coulter Counter (Allen & Thornley, 
2004). In this study, a Malvern 2000 particle-sizer employing low-angle laser light scattering 
technology (CALLS, or laser-diffraction technology) was used for the measurement of 
particle-size. The principle of laser-diffraction technology is that particles passing through 
a laser beam scatter the light, with smaller particles scattering the light at larger angles than 
bigger particles. The scattered light can be measured by a series of photodetectors placed at 
different angles, resulting in a diffraction pattern for the sample. The diffraction pattern is 
used to determine the size of the particles using light scattering theory developed in the 
early 20th century — Mie theory (Allen, 1997). Technological developments over the last 
three decades mean that this method has the virtues of rapid measurement, reproducibility, 
and wide particle size coverage [0.02-2000 |l m] (Sperazza et al, 2004). 


Malvern 2000 measurement settings 

Optical properties 

Reflective Index 

1.5 


Absorption 

0.01 


Dispersant Refractive Index (water) 

1.33 

Measurement parameters 

Sample measurement 

10 seconds or 10k 'snaps' 


Background measurement 

10 seconds or 10k 'snaps' 


Stabilising period 

10 seconds 


Measurement cycles 

3-5 


Obscuration limits 

5-20% 

Machine settings 

Pump speed 

2250 rpm 


Table 3.1. Malvern 2000 measurement settings 
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Z.2.2.2 Method 

Sub-samples of air-dried and sereened (<2mm) sediments (c. 3g) were taken for partiele 
size measurement on a Malvern 2000 particle-sizer. Samples were treated with 4.4% sodium 
pyrophosphate (incubation for 3 hours in a waterbath at 90°C, stirring periodically). This 
pre-treatment is to ensure complete disaggregation of the sample and deflocculation of 
clay particles. Small quantities of the samples were then extracted for measurement on the 
Malvern particle-sizer to determine the particle size distribution (PSD) of the whole sediment 
(i.e. including organics and carbonates). In order to ensure a representative sub-sample, 
this extraction was made using a pipette (2mm opening) to withdraw an agitated sediment/ 
water slurry from an active vortex produced on a ‘whirlimix’ sample mixer. For each sample, 
results were only stored once stabilisation of the PSD curves was obtained across several 
(3-5) measurement cycles (measurement settings are shown in Table 3.1). 

The sediment samples were subsequently treated with 7% HCl (1 hour at 90°C) and 100 
volume (addition of c. 15ml, reaction proceeding to completion in waterbath) in order 

to destroy the carbonate and organic fractions. Extracts of the treated samples were then re¬ 
measured on the Malvern particle-sizer to determine the PSD for the inorganic, non-carbonate 
components of the sediment. In this study we focus on the results of particle size analysis 
of the treated samples. 

The Malvern sizer produces 32 channels of output data in half phi ((])) intervals, from which 
a number of standard summary variables are calculated. In this study, we use measures of 
average grain size (mean and median), a measure of sorting or spread about the average 
(inclusive graphic standard deviation, 6^ (Folk & Ward, (1957)) and a measure of preferential 
spread (inclusive graphic skewness). The logarithmic phi ((])) scale is used in order to facilitate 
the presentation and description of data which includes a wide range of particle sizes. 
Descriptive terminology follows the Udden-Wentworth system, with the clay-silt boundary 
at 8 phi. 
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3.2.3 Magnetic Susceptibility 

3.2.3.1 Background 

The study of the magnetie properties of environmental materials, or environmental 
magnetism (Thompson & Oldfield, 1986), has a wide range of applieations. Magnetie 
analyses provide information relating to the physioehemieal status of iron minerals within 
soils and sediments and can provide a powerful diagnostic tool in various depositional 
environments for the study of sediment source areas (Oldfield et al, 1985; Bearing et al., 
2001), weathering and pedogenetic processes (Fine etal., 1992; Maher & Thompson, 1992; 
Pope & Millington, 2000), fire history (Rummery, 1983), and for stratigraphic correlation 
(Lees et al, 1998). In the estuarine environment, magnetic properties of sediments may be 
related to sediment sources, hydrodynamic regime and post-depositional diagenesis (Rey 
et al, 2000; Emiroglu et al., 2004), and their study complements the investigation of other 
physical and biotic parameters. 

In this study, a basic characterisation of the magnetic susceptibility of the sediment samples 
is undertaken. Magnetic susceptibility and frequency dependent susceptibility provide an 
indication of the overall concentration of magnetic minerals and may identify the presence 
of ultrafine magnetic particles (<~0.03 |l m). Magnetic susceptibility is defined as the 
relationship between a magnetic field and the strength of magnetisation created in a sample 
substance (Bearing, 1999), and is expressed as the ratio of the two; 

K= M/H 

where k is the volume susceptibility, M is the magnetic moment per unit volume of sample, 
and H is the applied magnetic field. 

As K values do not take into account the bulk density of the sample material, comparison of 
environmental samples which may have widely differing bulk densities is difficult. To 
permit comparison of samples of different densities, for example between different lithologies 
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or between sites, mass specific magnetic susceptibility values may be obtained by dividing 
K by the bulk density of a sample. Mass specific magnetic susceptibility is expressed as: 

1=^9 

where k is volume susceptibility and pis sample density. 

Measurements made at two frequencies a decade apart (470 and 4700 Hz) may be used to 
detect the presence of ultrafine superparamagnetic ferrimagnetic minerals which occur as 
crystals produced by bacteria or by chemical processes mainly in soil (Bearing, 1999). In 
principle, magnetic minerals smaller than ~0.03 |l m residing near the domain size boundary 
between the superparamagnetic and stable single domains do not contribute fully to 
susceptibility at high frequency (Bearing, 1999). However, the precise physical basis for 
frequency dependence is not fully known. 

By measuring the same sample twice at low and high magnetisation frequencies (0.46 and 
4.6 kHz, respectively) percentage frequency dependent susceptibility (%gj„/_^) can be calculated 
as follows: 

Xfdo/.= {(5^f-Xhf)/5Cf} * 100 

where is the mass specific susceptibility measurement at low frequency and is the 
mass specific susceptibility measurement at high frequency. 

3.2.3.2 Method 

Sub-samples of air-dried and screened (<2mm) sediments were packed into standard lOcc 
plastic pots. Susceptibility measurements were taken on a Bartington Instruments MS2 
meter with dual-frequency sensor. Results for each sample are the average of at least 3 
measurement cycles; for samples with weak susceptibility, averages of 6-8 measurement 
cycles were recorded. As recommended in Bearing (1999: 46), samples with values for K 
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<150 were measured with the range multiplier at the high resolution (0.1) setting; samples 
with values for K> 150 were measured on the low resolution (1.0) setting. The same sample 
orientation within the sensor was maintained between measurements for each sample. 

The results presented in this thesis do not include corrections for the diamagnetic effects of 
organic matter and calcium carbonate. Although corrections were calculated on the basis 
of LOl estimates for organic and carbonate content, they were insignificant, reflecting the 
overall low organic and carbonate content of the sediments. 

3.3 Methods for pollen analysis 

3.3.1 Pollen preparation 

The process of extracting pollen from sediments is well established, and is described in 
detail in several sources, e.g. Faegri et al. (1989), Moore et al. (1991), Bennett & Willis 
(2001). From a more or less standard suite of processes, modifications or alternative stages 
may be required depending on the nature and composition of the sediment samples. The 
stages of the preparation routine followed in this study are detailed in Table 3.2. In addition 
to standard procedures, the high silicate content of the sediment samples necessitated a 
second phase of HF treatment for all samples, and the presence of iron sulphide particles 
(pyrite) in many samples demanded treatment with nitric acid. 

Silicone oil was used as the mounting medium because it does not set, permitting pollen 
grains to be rotated during observation through the application of gentle pressure on the 
coverslip using a toothpick. This mobility is highly advantageous in the identification of 
difficult specimens, particularly those with complex morphologies or present in a crumpled 
state. 

3.3.2 Pollen counting and identification 

Pollen slides were counted on a Leica DMLB transmitted-light microscope at x400 
magnification, with regular use of the x 1000 obj ective and immersion oil for the observation 
of critical morphological features and difficult determinations. Slides were counted in 
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complete, evenly spaeed traverses. Total counts were large (typically >500 pollen and spores; 
average eount 1460 pollen and spores) to ensure that both wetland and dry ground taxa 
were well represented. In particular, a minimum of 200 grains representing forest, serub 
(matos) and heath communities (e.g. Pinus, Quercus, Cistaceae and Ericaceae types) were 
eounted in eaeh sample. In addition to pollen and spores, a number of other microfossils 
observed during counts were recorded. These include dinoflagellates and algal forms such 
as Pediastrum, Spirogyra and Zygnemataceae. 


Pollen and spore identifications were made to the narrowest taxonomic category possible 
with the aid of: a) the reference pollen collection of the Quaternary Palaeoenvironments 


stage 

Rationale 

Sediment (tcm^) 

Sediment sample of known volume 

Lycopodium tablets 

Addition of known quantity of marker spore permits estimation of pollen and 
spore concentration 

7% HCI, hot', 20 min+ 

Removes carbonates 

HjO, wash+ 

Removes waste products of HCI treatment, neutralise sample 

10% NaOH, hot, S'A min 

Removes humic acids 

Sieve (180pm) 

Removes coarse mineral and organic particles 

HjO, multiple washes (- 8 - 10 )+ 

Removes clays 

7% HCI, wash+ 

Acidifies sample prior to HF 

48% HF, hot, 2 hrs+ 

Removes silica and silicates 

48% HF, hot, 2 hrs+ 

Stage repeated 

7% HCI, hot, 1 hr 15 min+ 

Removes colloidal silica and silicofiuorides resulting from HF treatment 

10% HNO 3 , hot, 4-6 min+ 

Removes pyrite 

HjO, wash+ 

Removes waste products of HNO 3 treatment 

CH 3 COOH (glacial acetic acid), wash+ 

Removes H^O prior to acetolysis 

Acetolysis^, hot, S'A min 

Removes polysaccharides (cellulose) 

CH 3 COOH , wash+ 

Ends acetolysis reaction, permits rehydration 

HjO, wash+ 

Removes waste products of acetolysis 

-1% NaOH, wash+ 

Neutralises residual acid prior to staining 

0.2% aqueous Safranin, 2 drops + H20+ 

Staining: increases contrast of pollen and spore surface structure under light 
microscopy 

TBA (tertiary-butyl alcohol), wash+ 

Dehydrates sample residue; miscible with silicone oil 

Silicone oil 

Mounting medium 

Slides 

Residue mounted on microscope slides under glass coverslips for counting 
pollen and spores 


’ ‘hot’ indicates sample incubation in waterbath at ~90‘’C for specified time 
^ balance samples, centrifuge, decant (discarding supernatant), whirlimix 

^ acetolysis mixture = 9 parts acetic anhydride, (CH^COl^O: 1 part concentrated sulphuric acid, H^SO^ 


Table 3.2. Pollen preparation stages 
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Group, b) new reference pollen slides made as part of this project for c. 35 additional 
species collected in the field and sourced from botanical gardens in the UK, c) published 
images contained in the pollen atlas and supplement of Reille (1992; 1995) and d) detailed 
pollen morphological studies and identification keys from numerous sources, including 
sections of the Northwest European Pollen Flora (Punt, 1976; Punt & Neinhuis, 1976; 
Punt eta/., 1976a, 1976b; Clarke, 1980; Clarke & Jones, 1980; Engel, 1980; Kalis, 1980; 
Clarke & Jones, 1981; Jones & Clarke, 1981; Punt. & den Breejen, 1981; Blackmore, 
1984; van Benthem et al, 1984; van Leeuwen et al, 1988; Clarke et al, 1991; Stafford & 
Blackmore, 1991; Punt et al., 1991; Stafford, 1991) and studies on Mediterranean and/or 
southwest European pollen and spore groups (Saenz de Rivas, 1973; Berthet & Eecocq, 
1977; Saad, 1986; Mateus, 1989; Queiroz, 1999). The dichotomous key contained in Moore 
eta/., (1991) was used as a general guide for pollen and spore identification. Dino flagellates 
were identified with the aid of Rochon et al. (1999). 

Pollen type nomenclature follows the various sources listed in the previous paragraph, 
with the chief aims of producing pollen records that are accurate, repeatable, and botanically 
meaningful. The changes to pollen nomenclature arising from revisions to the British flora 
of Stace (1991) described in Bennett et al. (1994) are observed here, as they are becoming 
widely used in many places beyond Britain both in botany and palynology. Conventions 
used to indicate the accuracy and certainty of identifications as described in Berglund & 
Raiska-Jasiewiczowa (1986) are observed here. The pollen and spores types identified in 
this study, literature references for their description, and likely botanical and ecological 
significance accompany the results of pollen analysis. The construction of pollen diagrams 
is also discussed in the results chapter. 

Morphometric studies on Iberian Pinus pollen has shown that grain diameters may help to 
discriminate between different species (Roure, 1985 (data presented in Carrion et al. , (2000)); 
Queiroz, 1999). During the course of pollen counts in the CM5 core, measurements of the 
equatorial diameter of Pinus pollen grains were taken using a calibrated eyepiece graticule. 


49 



Chapter 3 - Methodology 


Measurements were made at the widest point of the grain body, excluding the sacci (as 
illustrated in Moore et al, 1991: 90). Measurements were only taken on grains that were 
not crumpled or broken and where the sacci were not folded in such a way as to conceal the 
grain body. 

3.3.3 Calculation of pollen concentrations 

Lycopodium marker spore tablets (Stockmarr, 1971) were added in known quantities to the 
sediment samples at the beginning of the preparation procedure and were counted during 
analysis of the pollen slides. The ratio of fossil pollen to marker spores permits the 
determination of pollen concentration, calculated as follows: 

C = (T ■ ■ P) / (X ■ S) 

where C is the concentration of fossil pollen in grains/cm^; T, the number of tablets added; 

the number of marker spores per tablet; P, the number of fossil pollen grains counted; 
X, the number of marker spores counted; and S, the volume of sediment in cmk 

3.4 Radiocarbon data 

The bulk of radiocarbon data used in this study for the construction of age-depth models 
was obtained by T. Boski of the Universidade do Algarve. Four additional dates for the 
CMS core were obtained in a collaborative manner. Small bulk samples of organic detritus 
or shell material were sent to Cambridge from Faro. These samples were washed in deionised 
water, dried overnight at 50°C, and material for dating was weighed and packed in foil. 
Species identifications were obtained for shell samples, but the small size prohibited 
identification of wood fragments. Necessary precautions for the handling of AMS samples 
were undertaken at each stage to avoid contamination with modem carbon (Polach & Go Ison, 
1966). These samples were pre-processed for AMS dating at the Waikato Radiocarbon 
Laboratory in New Zealand, with AMS measurements undertaken at the NSF facility in 
Arizona, USA. The details of all radiocarbon data are presented in Chapter 5. 


50 



Chapter 4 - Core Lithology and Sediment Analyses 


4 Core lithology and results of sediment analyses 

Lithostratigraphical zones are delimited on the basis of the information content of core log 
descriptions received from CIMA, Universidade do Algarve and (for cores P2 and P5) on 
direct observations of archived core sections. Lithostratigraphical or sediment zones are 
prefixed with the site code and the letter ‘s’ (e.g. CM5s-) to distinguish them from 
independent biostratigraphical zones defined on the basis of pollen data. Zones are numbered 
from the base upwards. Sediment zone summaries are presented in Tables 4.1, 4.2 and 4.3. 
The results of sediment analyses (loss-on-ignition, particle size, magnetic susceptibility 
and shell content) follow the description of sediment zonation. The results are displayed in 
diagrams at the end of the chapter, and summarised for each site in Tables 4.4, 4.5 and 4.6. 

4.1 CMS Guadiana 

4. 1.1 Core lithology (CMS) 

The CM5 borehole, located c. 500 m from the right bank of the Guadiana in the infilled 
tributary valley of the Beliche River, reached bedrock at a depth of c. 51 m (Figure 4.1). 
The following lithological zones are distinguished from the base to the top: 

CM5S-1: 5080-4856 cm 

At the base of the CM5 sequence is a unit of sand and gravel. The unit is most coarse at the 
base (5080-5032 cm) with large pebbles and cobbles of rounded greywacke, small to medium 
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Zone 

Depth range 

General description 

CM5S-6 

252 cm 

0 cm 

Oxidised siits and soii 

CM5S-5 

2102 cm 

252 cm 

Sheiiy siits with fine sand 

CM5S-4 

4080 cm 

- 2102 cm 

Siits 

CM5S-3 

4570 cm 

4080 cm 

Fine sands, fiaser-bedding 

CM5S-2 

4856 cm 

4570 cm 

Laminated siits 

CM5S-1 

5080 cm 

4856 cm 

Gravei 

Bedrock 


5080 cm 

Paiaeozoic (Cuimian) 


Table 4.1 Sediment zone summary, core CMS. 


platy pebbles of schist, and rare clasts of angular, fractured quartzite. The clasts are contained 
within a matrix of coarse sand. Above 5032 cm, the fill comprises medium to coarse sands 
with small to medium pebbles, predominantly of schist, and also with rare clasts of fractured 
quartzite. At depth 5060 cm, small lenses of charcoal and plant detritus are present. 

CM5S-2: 4856-4570 cm 

This zone contains predominantly fine-grained sediments (silts) with sand and carbonised 
plant fragments. Small fragments of schist are present at the base of the zone. In the lower 
part (depth 4856-4635 cm), laminations of silt and fine sand occur, in some parts with 
loading structures, pockets of clay and small charcoal lenses. A thin layer of medium sand 
(not sampled) is noted at depth 4740 cm, resting on a very abrupt contact with the underlying 
layer. The upper part of the zone (4635^570 cm) is predominantly fine-grained, enriched 
in parts with organic material. 

CM5S-3: 4570-4080 cm 

This zone contains fine sands, interlaminated with silt and clay. At the base of the zone, the 
sands contain millimetre-scale flame-structures and sedimentary dyke structures. In large 
sections (4520^450 cm and 4216^360 cm) the sediments display flaser-type bedding 
with drapes or fine layers of clay within fine sand. 
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CM5S-4: 4080-2102 cm 

A thick zone of compact, silty-argillaceous sediment with dispersed fragments of carbonised 
plant material overlies the flaser-bedded sands. Towards the base of the zone (4080-3784 
cm) small lenses of charcoal and fine, centimetre-scale peaty layers of organic material are 
recorded. In the lower part of the zone (below 3512 cm depth), small lenses of chestnut- 
coloured clay are dispersed within the silts. Traces of bioturbation are noted, with pockets 
of greenish clay (2.5Y 6/2). 

CM5S-5: 2102-252 cm 

This zone contains compact silts and sandy silts with shell and dispersed organic material. 
Shell fragments and intact shells (bivalves and gastropods) are present from the base of the 
zone, varying in abundance and preservation state across the zone. Below 1730 cm, shell 
fragments are poorly preserved and very dispersed. Above 1730 cm, the sediments are rich 
in shell fragments and intact shells. At some depths (1652-1730 cm, 635-730cm), the shell 
material shows signs of carbonate dissolution, with only shell-moulded sediment casts 
preserved. Small, dispersed fragments of carbonised plant material are noted at several 
depths. 

CM5S-6: 252 cm -0 cm 

The uppermost zone contains compact silts with nodular zones of chestnut-coloured 
oxidation. Shells are absent. A clay-rich soil with live roots and signs of anthropogenic 
disturbance is recorded above 90cm. 

Sampling with respect to lithostratigraphy 

Sediment samples subjected to further investigation of sedimentary characteristics span 
zones CM5s-2 to CM5s-5, and part of zone CM5s-6. Sample locations are shown in Figure 
4.1. 

4.1.2 Loss-on-ignition (CMS) 

Values for water content, organic matter content (LOI^qq), estimated CaCOj content, and 
mineral residue are presented in Figure 4.2. 
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Water content of the sediment samples ranges between 16.7 and 37.8%. Values are generally 
low in the lower zones (CM5s-2, CM5s-3), intermediate in zone CM5s-4, and high in zone 
CM5s-5. Intermediate, declining values are recorded from the uppermost zone (CM5s-6). 

LOI values for organic matter content range between 1.5 and 5.9% (mean value 3.2%). 
Values for organic matter are generally low in the lower part of the core (zones CM5s-2, 
CM5s-3, CM5s-4), with minimum values occurring in zone CM5s-3. Elevated values are 
recorded in zone CM5s-5, with consistent high values around 4%. Towards the top of the 
core (zone CM5s-6) values for organic matter decline sharply. 

Values for CaC 03 content, estimated from LOIg^g, range between 1.7 and 8.6% (mean value 
4.0%). Intermediate to high values for CaCOj content are recorded in zone CM5s-2. 
Minimum values occur in zone CM5s-3. Intermediate values are recorded in the lower part 
of Zone CM5s-4, and low values in the upper part. High values are recorded from zone 
CM5s-5, before declining sharply towards the top of the core in zone CM5s-6. 

Values for estimated silicate mineral residue range between 84.6 and 94.3%, with high 
values occurring in zone CM5s-3, and low values occurring in zone CM5s-5. 

Biplots of the LOI data are presented (Figure 4.3). Water content shows a broad positive 
correlation with organic content (Pearson correlation coefficient = 0.765). Samples from 
zone CM5s-5 occupy a region of the biplot corresponding to relative high values for water 
and organic content, while the area corresponding to relative low values is occupied by 
samples from zone CM5s-3. The other samples, representing zones CM5s-2, CM5s-4 and 
CM5s-6 occupy a central area corresponding to intermediate values for water and organic 
content. 

Zone CM5s-5 is also differentiated in terms of relatively high values for organic matter and 
CaCOj content, as shown in the biplot (Figure 4.3b). The other zones, with low and 
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intermediate values are not elearly differentiated, although the lowest values for organie 
matter and CaCO^ eontent oeeur in zone CM5s-3. Overall, organie and CaCO^ eontent 
show a slight positive eorrelation (Pearson eorrelation coeflhcient = 0.505). 

4.1.3 Particle size analysis (CMS) 

The results of partiele size measurements are presented in 1 phi units for the non-organic, 
non-earbonate fraetion (treated with and HCl) (Figure 4.4), and summarised in Figure 
4.5. The salient features of the PSD diseussed here apply to both the whole and treated 
sediment samples. 

It should be noted that a stratified sampling with respect to drapes, laminae or other 
sedimentary structures was not undertaken, so; a) individual sample depths represent to 
some extent ‘averaged’ conditions, b) recorded values for sedimentary parameters do not 
provide an indication of fine-scale variability within the zone, and c) no estimate is made 
of the density or number of fine-scale sedimentary changes. 

The PSD for zone CM5s-2 reveals a fining-upward trend across the zone, with decreasing 
values for very fine to medium sand (4-10), and increasing values for very fine and fine 
silt (8-60). These changes are recorded in decreasing (fining) median and mean grain size. 
Decreases in overall grain size are accompanied by a trend towards better sorting (low 6j). 
Zone CM5s-3 is distinguished by an overall elevated sand content and reduced silt content 
compared with other zones, although considerable between sample variation is recorded. 
Peak values occur for very fine, fine and medium sand (4-1 O). Reduced values occur for 
the coarser clay fraction (9-80) and very fine to medium silt fractions (8-50). The increased 
sand component recorded in several of the samples is reflected in increased (coarser) median 
and mean grain size. The sediment samples are very poorly sorted (peak values for 6j) and 
are, in part, very positively skewed. 

Zone CM5s-4 is characterised by the dominance of clay and silt fractions (9-40), with a 
minor component of very fine sand (4-30). The sediments display the best sorting (reduced 
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values for 6j) compared with other zones and display fairly symmetrical (skewness ~0) 
grain-size distributions. Zone CM5s-5 is distinguished by the characteristics of the sand 
fraction. Relative to underlying zone CM5s-4, values for very fine and fine sand (4-20) 
increase, and a minor presence of medium sand (2-10), which is largely absent in zone 
CM5s-4, is recorded. Towards the top of the zone, two local peaks (depths 550cm and 
300cm) are recorded in coarse silt and very fine sand content (5-30). Median and mean 
grain sizes are slightly coarser than in the underlying zone, and show local peak values 
towards the top of the zone. The sediment samples are more poorly sorted and are 
symmetrical to negatively skewed. Zone CM5s-6 shows a fining upward trend, with 
decreasing content of coarse silt and sand (5-10) and increasing content of finer silt and 
clay (9-50). Median and mean grain sizes decrease; sorting improves. 

On the whole, silt-sized particles in the size range 8-50 dominate the PSD. The sediment 
zones are distinguished by variation in the sand content. The greatest variation between 
sample depths is recorded in the fine sand content (3-20) for both whole (StDev = 4.55%) 
and treated (StDev = 5.03%) sediment samples. 

4.1.4 Magnetic susceptibility (CMS) 

Values for low frequency mass specific magnetic susceptibility (%|^) and percent frequency 
dependent magnetic susceptibility (%fj„/__) are plotted in Figure 4.6. 

Values for range between c. 9 and 90 x 10-8 m3 kg-1 (mean value 24 x 10'^ m^ kg"'). 
Intermediate to high values occur in the lower part of the core, with moderate values for 
zone CM5s-2 (c. 30-50 x 10'® m^ kg"') and peak values for in the lower part of zone 
CM5s-3 (>80 X 10'* m^ kg"'). Zone CM5s-4 displays low to moderate values for Xif (c.l5- 
50 X 10'* m^ kg"'), with a distinct peak in x^^at the top of the zone between depths 2100 cm 
and 2200 cm. In zone CM5s-5, overall values for x^f are low, with the bulk of observations 
less than 20 x 10'^ m^ kg'f A local peak in Xxf with values up to 27 x 10'* m^ kg^'occurs 
towards the top of the zone around 550cm depth. Towards the top of the core (CM5s-6), 
values for are low. 
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A strong contrast is observed in values for between the lower and upper parts of the 
core. In the lower zones (CM5s-2, CM5s-3), values for are predominantly greater than 
2%, reaching peak values (>5%) toward the base of the core and in the upper part of zone 
CM5s-3. In the overlying zones (CM5s-4, CM5s-5, CM5s-6), values for do not exceed 
2 %. 


The magnetic susceptibility data is shown in biplot form (Figure 4.7). A broad positive 
correlation is observed between and (Pearson correlation coefficient = 0.643). An 
overall contrast is identified between the samples of zones CM5s-2 and CM5s-3, and zones 
CM5s-4, CM5s-5 and CM5s-6. The stratigraphically lower samples of CM5s-2 and CM5s- 
3 generally display moderate to high values for (greater than --30 x 10'^ m^ kg"') and 
elevated values for (>2%). The overlying samples display moderate to low values for 
both Xif and for (<30 x 10'*^ m^ kg"', <2%). The exception to this pattern are samples 
displaying relatively high and low Xjia% related to the peak in Xf which occurs at the 
boundary between zones CM5s-4 and CM5s-5. 

4.1.5 Shell content (CM5) 

The content of recovered shell material is shown in Figure 4.8. Shell material was only 
present in sediment samples of zone CM5s-5, reaching peak values between 3 and 4 % of 
the total sediment dry weight. The recovered shell material includes fragmented bivalves, 
intact juvenile specimens of Cerastoderma glauca and Corbula gibba, and intact small 
gastropods of Hydrobia ulvae. 

4.2 P2Arade 

4.2.1 Core lithology (P2) 

The P2 borehole from the estuary of the Arade River reached bedrock at c. 22 m depth 
(Figure 4.9). The following lithological zones are described; 
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Zone 

Depth range 

General description 

P2S-5 

184 cm 

0 cm 

Sandy-clay and soil 

P2S-4 

956 cm 

184 cm 

Sands and sandy shell-beds 

P2S-3 

1785 cm 

956 cm 

Silt 

P2S-2 

1925 cm 

1785 cm 

Silts and sands 

P2S-1 

2220 cm 

1925 cm 

Gravel 

Bedrock 


- 2220 cm 

Limestone 


Table 4.2. Sediment zone summary, core P2. 


P2S-1: 2202-1925 cm 

The lowest zone of the P2 sedimentary fill is eomposed of gravel with very eoarse sand. 
The fill contains predominantly pebbles and cobbles up to 10 cm in diameter of quartz and 
greywacke, of low sphericity and angular shape. 

P2s-2: 1925-1785 cm 

Overlying the gravel is a series of alternating layers of fines and sands, ranging in thickness 
between 10 cm and 20 cm. Finer laminations of sand and clay, and accumulations of organic 
detritus, are contained within some layers. Between depths 1876 and 1896 cm, a layer of 
fine and medium sands contains reddened, oxidised layers. An irregular contact is noted at 
1832 cm. Between depths 1820 and 1808 cm, an organic-rich clayey-sand contains branching 
cracks filled with more consolidated material. 

P2s-3: 1785-956 cm 

Zone P2s-3 contains predominantly fine-grained sediments (silts) with plant fragments and 
shells. Undulating laminations of fine sand occur at several depths (1270-1286 cm, 1132- 
1136 cm, 1064-1085 cm). Dispersed mud-balls are noted between 1286 and 1335 cm. In 
the lower part of the zone (below 1286 cm), shell fragments are rare and poorly preserved, 
while in the upper part (above 1286 cm) shell fragments and intact shells occur in greater 
abundance and in a better state of preservation. 

P2s-4: 956-184 cm 
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This zone comprises the thick deposits of sand of the upper part of the P2 sequence. A sub¬ 
zone boundary is placed at 445 cm depth based on the abundance of shell material, separating 
sub-zone P2s-4a (sands with dispersed shell material) from P2s-4b (shell-beds). 

-P2s-4a: 956-445 cm 

Sub-zone P2s-4a contains sands with dispersed shell fragments, occasional intact valves 
and gastropods, and pockets of organic material. Between 854 and 776 cm, variations in 
colour reveal intercalation of different sands, and laminations of sand and silt occur between 
652 and 600 cm depth. A shell-rich layer of bedded shells, principally Ostrea sp. (oysters), 
occurs around 670 cm depth. At the top of the sub-zone (above 584 cm), a finer layer of 
silty-sand with laminations of black, shelly sand is observed. 

-P2s-4b: 455-184 cm 

Sub-zone P2s-4b contains shell-bed layers in a sandy-clay matrix. Towards the base of the 
sub-zone, the shells are highly fragmented, while in the upper part (above 355 cm), the 
shells are generally well-preserved with abundant remains of Ostrea and other bivalves. 

P2s-5:184-0 cm 

The lower 40 cm of this zone is a layer of sandy-clay containing shells. Above 142 cm, 
reddening and the presence of fresh root material is observed. 

Sampling with respect to lithostratigraphy 

Samples for further analysis span sediment zones P2s-2, P2s-3 and P2s-4a. Sample locations 
are shown in Figure (Figure 4.9). 

4.2.2 Loss-on-ignition (P2) 

Values for organic matter content (LOI^gg), estimated CaCO^ content, and estimated silicate 
residue are presented (Figure 4.10). Although dried at 105°C following the described 
methodology, values for water content are not presented, as the samples were already air 
dry when collected. 

Organic matter content of the P2 samples range between 1.0 and 6.4% (mean value 2.7%). 
Values are high for zones P2s-2 and P2s-3, and low in zone P2s-4. 


59 



Chapter 4 - Core Lithology and Sediment Analyses 


Values for estimated CaC 03 content range between 2.0 and 23.2% (mean value 5.9%). 
Values are low in zone P2s-2 and increase steadily across zone P2s-3. Values for zone P2s- 
4 display considerable variability, being generally moderate or middle-of-the-range, but 
including a strong peak at 786 cm depth. 

Values for estimated silicate mineral residue range between 73.3 and 94.1% (mean value 
88.8%). Values are high in zone P2s-2 and decrease across zone P2s-3. Values are generally 
high in zone P2s-4, with the exception of one carbonate rich sample which displays a 
corresponding low value for estimated mineral residue. 

Overall, the sample zones are distinguished by relative differences in estimated organic 
matter and CaC 03 content, as shown in a biplot (Figure 4.11). Samples from zone P2s-2 
are characterised by high organic content, low CaC 03 content; samples from P2s-3 by high 
organic and high CaC 03 content; and samples from P2s-4 by low organic content and 
varied CaC 03 content. Organic and CaC 03 content do not show a significant correlation. 

4.2.3 Particle size analysis (P2) 

The results of particle size measurements are presented in 1 phi units for the non-organic, 
non-carbonate fraction (treated with H^O^ and HCl) (Figure 4.12) and summarised in Figure 
4.13. Overall, the results for treated and untreated samples are similar and the major features 
of the PSD discussed here apply to both the whole and treated sediment samples. 

In the lowermost sampled zone (P2s-2) silts predominate, accompanied by clays in the size 
range 11-80 and finer sands (4-20). In zone P2s-3, silts again form the major constituent 
part of the sediment fill, accompanied by clay and with a fluctuating component of very 
fine to medium sand (4-10). The sand content shows two local peaks at about depths 1750 
and 1450 cm and then increases towards the top of the zone. Overall, the samples from 
zones P2s-2 and P2s-3 have fine median and mean grain sizes, are relatively well sorted 
(low 6j values) and symmetrical to negatively skewed. The local peaks in sand content are 
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reflected (particularly for the inorganic/treated samples) in small increases (coarsening) in 
median and mean grain size, and positive skew. Between 1000 and 900 cm, a transition 
from silty to sandy grain sizes is recorded. Silt content decreases, and the content of fine, 
medium and coarse sands (3-00) increases. Sands predominate in zone P2s-4, with 
corresponding increases (coarsening) of median and mean grain size. Sorting is relatively 
poor (increased 6j values) and the grain size distributions are very positively skewed. The 
uppermost samples from zone P2s-4 contain a slightly reduced sand content, with a 
corresponding fining of median and mean grain size. 

Overall, silt-sized particles predominate in the lower part of the sampled sequence, and 
sands in the upper. The lower sediment zones are readily distinguished from the upper zone 
by changes in median and mean grain size and in the relative proportions of silt and sand. 
The greatest variation between sample depths is recorded in the medium sand content (2- 
10) for the whole sediment samples (StDev = 9.65%) and in the fine sand content (3-20) 
for the treated sediment samples (StDev = 11.61%). 

4.2.4 Magnetic susceptibility (P2) 

Values for low frequency mass specific magnetic susceptibility (%|^) and percent frequency 
dependent magnetic susceptibility (%fj„/__) are presented (Figure 4.14). 

Values for range between c. 5 and 225 x 10'^ m^ kg"' (mean value 71 x 10'^ m^ kg"'). 
Towards the base of the sequence at 1800 cm (zone P2s-2), a local peak in occurs. Values 
for Xjf are low in zone P2s-3 (~40 x 1 O'* m* kg''and below) and decrease steadily to very low 
values (<10 X 10'*m*kg'') at the top of the zone. InzoneP2s-4, values for %jj,are high (>100 
X 10'* m* kg"'). 

Values for range between 0 and 5.4% (mean value 2.3%). Values above 2% are recorded 
in zone P2s-2. In zone P2s-3, is generally low (<2%), but contains a local peak reaching 

3.9% towards the top of the zone. In zone P2s-4, is consistently higher than in lower 
zones, with values typically in the range 4-5%. 
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A biplot of the magnetic susceptibility results (Figure 4.15) clearly discriminates between 
zones P2s-3 (low low and P2s-4 (high high Samples from zone P2s-2 are 
not differentiated by magnetic properties, with two samples showing similar properties to 
the samples from zone P2s-3, and one sample more similar to zone P2s-4. 

4.2.5 Shell content (P2) 

The content of shell material is shown in Figure 4.16. Shell material was not recovered 
from sediment zone P2s-2. Shell material is present in zone P2s-3, sporadically in the 
lower part of the zone, and consistently in the upper part. Shell content reaches high values 
(> 5 % sediment dry weight) towards the top of the zone. Shell material is consistently 
present in zone P2s-4a, fluctuating between low and high values. A number of intact 
gastropods and bivalves of small size (typically <10 mm) were recovered from the P2 
samples. Increased shell content in the upper part of zone P2s-3 and in P2s-4a is associated 
with a relatively large number of recovered taxa. Some changes in species presence/absence 
are recorded at or immediately below the zone boundary P2s-3/P2s-4a; for example, 
Turritella communis is common in samples from zone P2s-4a but absent from all but the 
uppermost sample in zone P2s-3. 

4.3 P5 Boina 
4.3.1 Core lithology 

The P5 borehole from the estuary of the Boina river reached bedrock at c. 20 m depth 
(Figure 4.17). The following lithological units are distinguished in the P5 core: 

P5S-1: 2054^1590 cm 

The basal deposits of the P5 sedimentary fill are composed of layers of pebbles, cobbles 
and coarse sand, generally clast-supported, and containing a number of fining-upward units. 
The clasts are polished, of low sphericity, and include primarily schists, greywackes, and 
to a lesser extent, quartzites. Also present are occasional pebbles of lamprophyre and Silves 
sandstone, and rare degraded clasts of nepheline syenite (Monchiquite). The matrix is of 
chestnut-coloured clayey-silt or silt and sand. 
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Zone 

Depth range 

General description 

P5S-5 

72 cm 

0 cm 

Soil 

P5S-4 

645 cm 

72 cm 

Sand 

P5S-3 

1185 cm 

645 cm 

Shelly silts 

P5S-2 

1590 cm 

1185 cm 

Silts, sands and gravels 

P5S-1 

2054 cm 

1590 cm 

Gravel 

Bedrock 


2054 cm 

Plutonic, altered 


Table 4.3. Sediment zone summary, core P5. 


Above 1674 cm, a fining-upward trend is observed with a transition from clast-supported 
cobbles and pebbles to matrix-supported fine gravels and coarse sands, contained within 
an increasingly clay-rich and reddened matrix. 

P5S-2: 1590-1185 cm 

Zone P5s-2 contains layers of compact silts and clays separated by gravel beds and sands. 
A sharp contact at 1590 cm separates this zone from the underlying basal deposits. The 
zone is generally rich in fine organic material, charcoal, and contains wood and shell 
fragments. Sub-zone boundaries are placed at 1546, 1430 and 1325 cm, distinguishing the 
fine-grained silty layers (sub-zones P5s-2a, P5s-2c) from the coarse grained sandy layers 
(sub-zones P5s2-b, P5s2-d). 

-P5s-2a: 1590-1546 cm 

The lower fine-grained sub-zone contains layers of compact silts with small pockets of fine 
sand, dispersed shell fragments and fine charcoal. 

-P5s-2b: 1546-1430 cm 

This sub-zone contains sands and gravels. The lower part (below 1510 cm) is composed of 
medium to coarse sands within a silty matrix, containing layers rich in shell fragments and 
gravel. The upper part contains rounded gravels in a silty matrix. The uppermost 10 cm is 
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a positive-graded sequence from large pebbles to small pebbles, contained within a silty 
matrix. 

-P5s-2c: 1430-1325 cm 

This sub-zone is composed of compact, silty-argillaceous sediments, rich in organic material, 
wood fragments and dispersed charcoal. Occasional small pockets of fine sand occur near 
the base. Shell fragments are recorded, increasing in abundance above 1346 cm depth. 

-P5s-2d: 1325-1185 cm 

The upper subzone contains a complex of sand layers, enriched in parts with shell debris 
and organic matter, and interspersed with charcoal-rich clay bands. Signs of oxidation are 
recorded near the base. Silt-sand-ball sedimentary structures are noted at between 1200 
and 1300 cm. A thin (2cm) shell-bed is recorded at 1232 cm depth. 

P5S-3: 1185-645 cm: 

Zone P5s-3 contains compact silts, rich in shell material, including intact valves and 
gastropods, and with fine charcoal throughout. Localised pockets or fine layers of silty- 
sand or sand occur at several depths, occasionally including rare gravel clasts. 
Unconformities are noted at 1090 cm and 1080cm. 

P5s4: 645-72 cm: 

This zone contains a series of sandy layers in an overall coarsening upward sequence. 
Below 525 cm, silty-sands predominate, with shell fragments, pockets of organic material, 
and occasional dispersed gravels. Between 525 and 420 cm, fine and medium sands are 
present, in parts rich in shell fragments and with occasional gravels. Above 420 cm, layers 
of medium to very coarse sand with polished gravels of greywacke, schist and quartzite. 
The gravels increase in size towards the top of the zone, and include small to large pebbles. 
The upper contact of the zone is marked by a fine oxidised layer. 

P5s5: 72-0 cm: 

The uppermost zone is a chestnut-coloured, clay-rich soil with abundant plant fragments. 
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Sampling with respect to lithostratigraphy 

Samples from the P5 core for further investigation span the uppermost part of zone P5s-1, 
zones P5s-2 and P5s-3, and part of P5s-4. Sample locations are shown in Figure 4.17. 

4.3.2 Loss-on-ignition (P5) 

Values for organic matter content (LOI^gg), estimated CaC 03 content, and estimated silicate 
residue are presented (Figure 4.18). Values for water content are not presented, as the samples 
were already air dry when collected. 

Organic matter content in the P5 sequence ranges between 1.0 and 4.6% (mean value 2.0%). 
Values are low at the base of the sampled sequence, increasing towards the top of zone P5s- 
1. Zone P5s-2 displays alternating high and low values for the sequence, with a high value 
in sub-zone P5s-2a, low values in sub-zone P5s-2b, peak high values in sub-zone P5s-2c 
and low to intermediate values in sub-zone P5s-2d. Recorded values from zones P5s-3 and 
P5s-4 are intermediate, typically within the range 1.5-2.5%. 

Values for estimated CaC 03 content range between 1.6 and 13.6% (mean value 5.7%). 
CaC 03 content is low at the base of the sequence, increasing towards the top of zone P5s- 
1. Zone P5s-2 displays contrasting values for CaC 03 content, with an intermediate value in 
sub-zone P5s-2a, low values in sub-zone P5s-2b, high values in sub-zone P5s-2c and low 
values in sub-zone P5s-2d. High values occur in zone P5s-3, reaching peak values in the 
upper part of this zone. Low values are recorded from zone P5s-4. 

Values for estimated mineral residue range between 81.5 and 95.3% (mean value 90.0%). 
Mineral residue values are high in zone P5s-1. From zone P5s-2, an intermediate value is 
recorded in sub-zone P5s-2a, high values in P5s-2b, low values in P5s-2c and high values 
in P5s-2d. Zone P5s-3 displays reduced values for mineral residue, particularly in the upper 
part of the zone. High values for mineral residue are recorded in zone P5s-4. 
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A biplot for LOI values (Figure 4.19) shows that the sediment zones are poorly discriminated 
on the basis of organic content. Flowever, on the basis of CaC 03 content, zones P5s-2c and 
P5s-3 are distinguished from the other zones, displaying high values for CaCO^ content 
(>6%). This distinction is clearly displayed by plotting CaC 03 content against the content 
of residual mineral matter (Figure 4.19b). 

4.3.3 Particle size analysis (P5) 

The results of particle size measurements are presented in 1 phi units for the non-organic, 
non-carbonate fraction (treated with and HCl) (Figure 4.20) and summarised in Figure 

4.21. Sieve data for the gravel fraction is presented in 1 phi units (Figure 4.22), accompanied 
by a composite diagram showing the arithmetic integration of the sieve data (% weight) 
with the laser particle size results for the non-organic, non-carbonate fraction (% volume). 
Overall, the results for treated and untreated samples are similar and the main features of 
the PSD discussed here apply to both the whole and treated sediment samples. 

Zone P5s-1 contains particle sizes ranging from fine clays to gravels (14 to -40). The 
samples contain a significant clay component, including very fine clay particles (14-120). 
The sediments are very poorly sorted (6j up to 3.5). A fining upward trend in median and 
mean grain sizes is observed, accompanied by a trend from positive to symmetrical grain 
size distribution (skewness). 

Textural contrasts between the sub-zones of zone P5s-2 are clearly recorded in the PSD, 
with an overall fine-coarse-fine-coarse sequence. In sub-zone P5s2-a, silts predominate. A 
minor component of the finer sand classes is present, and a small component of fine gravel. 
Sub-zone P5s-2b displays increased sand content with increased representation of medium 
to very coarse sand (2 to -10) and also gravel clasts up to -40. Sub-zone P5s2-c contains 
mainly clay and silt in the range 9-40 accompanied by very fine and fine sand (4-20). 
Sub-zone P5s2-d is predominantly coarse-grained, with elevated content of medium and 
coarse sand (2-00); gravel is not present. 
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Clay and silt (9^0) are predominant in zone P5s-3. Sand content is reduced overall, although 
a local peak in sand content is identified between 880 cm and 980 cm. Gravel is absent in 
most of the zone, but occurs in the upper part of the zone. 

Particle size measurements for zone P5s-4 distinguish between a predominantly silty lower 
part (below 525 cm) and a coarser fill above. Below 525 cm, the samples are similar to the 
underlying zone, with small increases in coarse sand (1-00) and fine gravel clasts (-1 to - 
20). Above 525 cm, the base of a fining-upward unit is observed, with peaks in coarse 
sand, very coarse sand and gravel clasts (1 to -40), giving way to fine sands and silt. 

The series of fluctuations between fine and coarse grained deposition observed in the particle 
size distributions can be traced in the median and mean grain size parameters. Coarse 
median and mean grain size values occur in zone P5s-1, P5s-2 (sub-zones 2b and 2d), the 
middle of zone P5s-3 and the upper part of zone P5s-4. Coarse median and mean grain size 
corresponds with elevated values for 6j (very poor sorting) and generally with positive 
skewness in the grain size distribution. 

Overall, the P5 particle-size data records contrasting sediment types; on the one hand, 
sandy sediments characterised by elevated mean/median grain size, poor sorting and positive 
skewness, and on the other clayey-silts characterised by reduced mean/median grain size, 
relatively beher sorting, and weak negative skewness. The greatest variation between sample 
depths is recorded in the coarse sand content (1-00) for the whole sediment data set (StDev 
= 9.38%) and in the very coarse sand content (0 to -10) for the treated sediment data set 
(StDev = 5.73%). 

4.3.4 Magnetic susceptibility (P5) 

Values for low frequency mass specific magnetic susceptibility (%|^) and percent frequency 
dependent magnetic susceptibility (%f.j„/__) are presented (Figure 4.23). 

Values for range between c.30 and 620 x 10-8 m3 kg-1 (mean value 220 x 10'* m^ kg"'). 
Very high values for (>400 x 10'^ m^ kg'*) are recorded at the base of the sequence (zone 
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P5s-1). In zones P5s-2 and P5s-3, a series of local peaks and troughs are recorded, with 
peak values between 200 and 300 x 10'* kg"' occurring in sub-zones P5s-2b, P5s-2d, 
and in the middle and upper part of zone P5s-3. In zone P5s-4, values for are consistently 
high, typically in the range 300-400 x 10'* kg'f 

Values for range between 1.0 and 6.2% (mean value 3.3%). The curve for displays 
a complex pattern of peaks and troughs that is not clearly related to the sediment zones. 
Peak values for (4.2-6.2%) are recorded at the base of the sequence (zone P5s-1). For 

the overlying samples, moderate values for (c. 2-4%) are recorded. 

The contrast in between zones P5s-1 and P5s-4 on the one hand, and P5s-2 and P5s-3 on 

the other is illustrated in a biplot of the magnetic susceptibility results (Figure 4.24). 

4.3.5 Shell content (P5) 

The content of shell material, shown in Figure (4.25), varies along the sediment sequence. 
Shell material was not recovered from sediment zone P5s-1, or from sub-zone P5s-2a. 
Shell material is present in some samples from sub-zones P5s-2b and P5s-2c, and is present 
in all samples from sub-zone P5s-2d, P5s-3 and P5s-4. Shell content reaches peak values 
between 3 and 4 % of the sediment dry weight. Small gastropods {Hydrobia ulvae, Bittium 
sp. and Rissoa membranacea) predominate among the intact shell material. 
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CMS GUADIANA Sediment Summary 
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Figure 4.1. Core lithology and sample depths, CMS. Depth below surface, approx. 1 m 
above sea level. 
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Table 4.4. General characterisation of sediment samples based on the results of sediment analyses, core CMS 
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Figure 4.2. Loss-on-ignition results, CMS. 
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Figure 4.3. Biplots of loss-on-ignition results, CMS. 

a. Organic matter vs. water content. 

b. Organic matter vs. CaC03 content. 
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Figure 4.4. Particle size distribution, organics and carbonates removed, CMS. 
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Figure 4.5. Particle size summary, organics and carbonates removed, CMS. 
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Figure 4.6. Magnetic susceptibility results, CMS Figure 4.7. Biplot of xlf vs. xfd%. CMS. 
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Figure 4.8. Shell content of sediment samples, CMS. Curve shows 
content of all shell material; black dots indicate presence of bivalve 
fragments and identifiable intact shells. 
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P2 ARADE Sediment Summary 
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Figure 4.9. Core lithology and sample depths, P2. Depth below surface, approx. 1 m above 
sea level. 
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Figure 4.10. Loss-on-ignition results, P2. 
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Figure 4.11. Biplot of organic matter vs. CaC 03 content, P2. 
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Figure 4.12. Particle size distribution, organics and carbonates removed, P2. 
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Figure 4.13. Particle size summary, organics and carbonates removed, P2. 
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Figure 4.14. Magnetic susceptibility results, P2. Figure 4.15. Biplot of xlf vs. xfd%, P2. 
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Figure 4.16. Shell content of sediment samples, P2. Curve shows 
content of all shell material; black dots indicate presence of bivalve 
fragments and identifiable intact shells. 
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Figure 4.17. Core lithology and sample depths, P5. Depth below surface, approx. 1 m 
above sea level. 
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Table 4.6. General characterisation of sediment samples based on the results of sediment analyses, core P5 
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Figure 4.18. Loss-on-ignition results, P5. 
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Figure 4.19. Biplots of loss-on-ignition results, P5. 

a. Organic matter vs. CaC 03 content. 

b. CaC 03 content vs. mineral residue. 


88 



















P5 PSD, organics and carbonates removed 


Chapter 4 - Core Lithology and Sediment Analyses 


lU 

S 

D 

-I 

o 

> 













(luo) iiidaa 


89 


Figure 4.20. Particle size distribution, organics and carbonates removed, P5. 
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Figure 4.21. Particle size summary, organics and carbonates removed, P5. 
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Figure 4.22. Gravel content and integrated particle size data, P5. 


















































































P5 Magnetic Susceptibility 
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Figure 4.23. Magnetic susceptibiiity resuits, P5. Figure 4.24. Bipiot of xlf vs. xfd%, P5. 
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Figure 4.25. Shell content of sediment samples, P5. Curve shows 
content of all shell material; black dots indicate presence of bivalve 
fragments and identifiable intact shells. 

































Chapter 5 - Radiocarbon Chronology 


5 Radiocarbon chronology and age-depth models 

5.1 Introduction 

Radiocarbon dates provide the means for the development of ealibrated age-depth models 
for sites. From the outset it is noted that the development of radiocarbon chronologies for 
Holocene estuarine sequences is not straightforward, principally because of the presenee 
of multiple sources of carbon, only some of which provide earbon of the same age as the 
sediment in which it was deposited (Colman et al ., 2002). The sample materials and potential 
sourees of error for the radiocarbon dates are therefore discussed in detail. Age-depth models 
are proposed, and estimates for sedimentation rate (SR) eonsidered. 

Throughout the text, uncalibrated radiocarbon dates are quoted in radioearbon years before 
present ('"'C bp). Calibrated dates are quoted in ealibrated years before present (cal BP). In 
both cases, present refers to 1950 AD. 

5.2 Radiocarbon dates 

In total, 18 AMS radiocarbon dates are available from the CMS, P2 and P5 sequences 
(Table 5.1). Four dates were obtained as part of this study to improve the chronology of the 
CMS sequence (lab codes IGNS[NZA-]), while the others were obtained by T. Boski of the 
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Core 

Depth 

(cm) 

MateriaP 

Laboratory 

number 

513C 

(%o, PDB) 

"C Age 
(yr bp) 

Cal age, 2o 
(yr BPy 

Median 

Age^ 

Calibration 

Method'* 

CMS 

333 

Shell (Sp) 

IGNS[NZA-21412] 

-2.9±0.2 

3375±39 

3130 - 3350 

3250 

M 

CMS 

S79 

Shell (V) 

KIA15211 

n/a 

4295±35 

4300-4520 

4420 

M 

CMS 

890 

Shell (Cg) 

IGNS[NZA-21413] 

0.2±0.2 

6764±45 

7200 - 7400 

7300 

M 

CMS 

108S 

Shell {(0 

KIA 15213 

n/a 

4095±30 

4020 - 4260 

4140 

M 

CMS 

134S 

Shell (V) 

KIA15212 

n/a 

7585±35 

7960-8140 

8040 

M 

CMS 

1775 

Shell (O 

KIA15210 

n/a 

7725±45 

8060-8310 

8200 

M 

CMS 

2095 

Wood 

1GNS[NZA-21414] 

-25.3±0.2 

8256±55 

9030 - 9420 

9240 

T 

CMS 

4270 

Wood 

IGNS[NZA-21415] 

-25.5±0.2 

I0273±66 

11770- 12370 

12050 

T 

CMS 

4767 

Wood 

Beta-137110 

-25.7 

10990±40 

12860- 13030 

12920 

T 

P2 

615 

Shell (x) 

lRPA-13237 

n/a 

5355±30 

5630-5840 

5710 

M 

P2 

903 

Shell (x) 

IRPA-13239 

-3.12 

6640±40 

7050 - 7260 

7180 

M 

P2 

1150 

Shell (x) 

IRPA-13238 

-2.22 

7730±45 

8070 - 8320 

8210 

M 

P2 

1570 

Shell (x) 

lRPA-13236 

n/a 

7810±50 

8170-8370 

8280 

M 

PS 

481 

Shell (x) 

IRPA-13234 

-2.4 

3300±35 

3010-3270 

3150 

M 

PS 

885 

Shell (x) 

IRPA-13233 

-1.21 

7090±35 

7490-7650 

7570 

M 

PS 

1135 

Shell (x) 

IRPA-13232 

-0.97 

7515±35 

7900 - 8080 

7970 

M 

PS 

1330 

Shell (x) 

IRPA-13235 

-1.83 

7735±35 

8110-8310 

8210 

M 

PS 

1528 

Shell (x) 

IRPA-13231 

-2.48 

7700±35 

8050 - 8280 

8170 

M 


Shell i.d. = Sp, Scrohicularia plana', V, Venerupis sp.; Cg, Cerastoderma glaucum’, C, Cerastoderma sp.; x, unidentified. 
^ Calibrated ages for the 95.4% confidence interval, rounded to the nearest 10 years 
^ Calendar age estimate based on the median probability of the probability distribution 
^ Calibration using CALIB 5.0 (Stuiver et ai, 1993), using: 

M = Marine04 (Hughen et al, 2004), AR = 0 


Table 5.1. Radiocarbon dates from cores CMS, P2 and P5. 


Universidade do Algarve prior to this study. The radiocarbon dates provide the basis for the 
construction of age-depth relationships and sedimentation histories for the three sites. 


5.2.1 Sample material and sources of error 

Two distinct sample materials have been used for dating the sequences studied here — 
wood and estuarine shell — which present different characteristics in terms of carbon 
sources and pose different problems in terms of potential sources of error and accurate 
calibration. 
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5.2.1.1 Wood 

In common with other estuarine infill sequenees where the deeper seetions tend to have 
more material of fluvial and terrestrial origin (e.g. Chesapeake Bay (Colman et al, 2002)), 
wood fragments provide dating material for the lower part of the CM5 eore. The carbon 
content of wood is derived from atmospherie carbon dioxide through photosynthesis. The 
initial radioearbon ('"'C) content will refieet atmospherie levels at the time of death of the 
organism. The terrestrial, atmospherie earbon souree is also clearly refieeted in stable carbon 
isotope ('^C/'^C) eomposition. Photosynthesis produces a strong fractionation of stable 
carbon isotopes ('^C and '^C), resulting in depleted isotope values relative to atmospherie 
COj (Libes, 1992: 579). Values for 5'^C around -25 %o are typical of terrestrial plants, 
and are observed in the wood samples on which radiocarbon determinations were made 
(Table 5.1). As organie material of terrestrial origin, wood is not subjeet to reservoir effeets 
assoeiated with marine or lacustrine environments. 

While wood may provide an unambiguous souree of terrestrial organie matter, taphonomic 
faetors related to transport, storage and reworking may constitute a significant source of 
error. The radiocarbon age of a wood fragment will refieet the time of death or separation 
from the plant. An unknown period of time will have elapsed between organism death and 
final deposition within the estuarine setting, during whieh storage in catehment soils, hillslope 
colluvium or floodplains may have oeeurred. Therefore, radiocarbon dates on wood may 
be older than the time of sediment deposition. Erroneously old dates may also result from 
the “old-wood” effeet, arising from the relative age of heartwood in long-lived trees. This 
effeet has been noted, for example, to be important in the dating of chareoal from 
archaeological sites in Portugal (Zilhao, 2001). For these reasons, the moderate or 
“intermediate” level of confidence in the reliability of wood dates noted for floodplain 
delta environments (Brown & Pasternaek, 2004) is shared here. Nevertheless, wood dates 
provide a maximum age of sediment deposition. 
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Further information on regarding the speeies identifieation or souree of the wood is not 
available. Bearing in mind the requirements of wood identifieation, namely the exposure 
of multiple seetions (Barefoot & Hankins, 1982), the small size of the wood fragments 
submitted for radioearbon dating preeluded identification. 

5.2.1.2 Shell 

The bulk of dates available from the three sites are from shell. Shell identifications, where 
obtained, indicate typical estuarine species, such as Scrobiculariaplana and Cerastoderma 
glaucum; however, identifications are not available for all samples. Radiocarbon dates on 
shell often underpin estuarine chronologies and the dating of coastal morphological features, 
e.g. Dabrio et al. (2000). Shells have a number of advantages in terms of dating, being 
macroscopic, easy to handle, often abundant in many types of estuarine sediment, and 
identifiable. In an evaluation of dating materials available from Holocene sedimentary 
sequences of the Chesapeake Bay (Colman et al., 2002), biogenic carbonates (including 
shells and foraminifer tests) were considered the most reliable material for radiocarbon 
dating. However, a number of attendant problems must be recognised in the dating of marine 
shells, particularly from estuarine settings. These may be divided broadly into reservoir 
effects and factors influencing sample integrity, such as burrowing and reworking. 

Reservoir effects derive from the different effective ages of different carbon sources due to 
relative deficits or enrichment in '"'C. Biogenic carbonate in calcareous shells and tests is 
derived primarily from the ambient pool of dissolved inorganic carbon (DIC) at the growth 
site, notably through the precipitation of bicarbonate ions in marine water (HCO^') (Libes, 
1992). The initial radiocarbon content of marine shells should therefore be determined by 
seawater values during the period of shell growth. Open ocean water typically has a '"'C 
deficit compared with the atmosphere, constituting a global reservoir effect of around 400 
years (Stuiver et al, 1998). The global reservoir effect can easily be compensated for by 
subtracting the reservoir age from the measured radiocarbon age; this process is incorporated, 
for example, in marine calibration datasets. However, the marine reservoir effect is known 
to vary both geographically and temporally due to variation in the locations and rates of 
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coastal upwelling of '"'C-depleted, deep ocean water, with serious consequences for the 
precision of radiocarbon chronologies based on the dating of marine fossils (Lowe & Walker, 
2000). In the estuarine environment, these complications are compounded by the mixing of 
marine and river water, which can result in localised reservoir effects which vary significantly 
from regional averages (Stuiver & Braziunas, 1993; Heier-Nielsen et al, 1995). 

The regional offset (AR) in '"‘C ages from the global average may be determined by the 
radiocarbon dating of samples of known age, for example museum specimens. Ideally, 
regional correction factors will have been determined close to the study site, and paired 
dates on marine and terrestrial samples obtained from within the sedimentary sequence. 
These observations permit the identification of both geographic deviation from the global 
reservoir effect and temporal in '"'C offsets at that location. In the estuarine setting, however, 
decisions regarding the appropriate correction factors are not straightforward; these are 
discussed in the following section. 

The apparent age of biogenic carbonates may be influenced by the contribution of carbon 
from sources other than marine water. On the one hand, the pool of DIG in ambient waters 
may include older carbon from decaying organic matter diffusing from sediment pore water 
(Colman et al, 2002). In this situation, the radiocarbon content of shell may be older than 
the ambient water. On the other hand, a proportion of shell carbonate, at least for some 
species, may be derived not from ambient DIG, but from metabolic carbon from food sources, 
which may include organic matter of both terrestrial and marine origin (Tanaka et al ., 
1986). Terrestrial carbon could affect the apparent age of the carbonate. Stable carbon 
isotope ratios may provide indications of the likelihood of errors derived from carbon inputs 
from these sources. Stable carbon isotopes values for marine shell typically reflect '^G- 
enriched or isotopically heavy seawater values. As significant fractionation of carbon isotopes 
does not occur during the precipitation of biogenic carbonates, 5'^G values should be close 
to those of marine water (+2 %o) (Libes, 1992; 575). Where shells derive a significant 
carbonate component from pore water DIG or from metabolic carbon of terrestrial origin. 
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this should be reflected in distinctively light 5'^C values (Colman et al, 2002). For those 
samples where 5'^C has been measured in this study, isotopically heavy, near zero values 
for 5'^C for the samples indicate a predominantly marine source of carbon. 

A further potential source of error are “hard water effects,” resulting from the ambient 
presence of dissolved carbonates of lithological origin. Radiocarbon dates on shell may be 
erroneously old due to incorporation of lithological carbonates containing no '"'C (infinite 
apparent age), either during shell growth or through post-depositional contamination. These 
effects may be of considerable importance when dating lacustrine molluscs in limestone 
regions (e.g. loannina, northwest Greece (Lawson et al, 2004)) or marine molluscs from 
calcareous coastlines (Anderson et al, 2001). Hard water errors are considered relatively 
unlikely in this study due to the low carbonate content of the sediments and the dominance 
of non-calcareous upstream catchment lithologies for the sites. 

In addition to the described reservoir effects, other potential sources of error relate to sample 
integrity, namely burrowing and reworking. Some species of shell fauna burrow beneath 
the sediment surface. Burrowing on the order of centimetres to tens of centimetres is 
especially typical of many species inhabiting tidal mudflats and marshes, such as 
Cerastoderma. Dating a deeply burrowed shell would produce a radiocarbon date younger 
than the age of deposition of the surrounding sediment. However, where sedimentary 
sequences are characterised by rapid sedimentation, burrowing is unlikely to produce 
distinctly anomalous results; rather burrowing might result in a slight increase in the scatter 
of radiocarbon results. The extent of burrowing and other types of bioturbation — best 
detected through the study of X-ray radiograph images (e.g. Borrego et al, 1995) — should 
be taken into account during sample selection. 

Reworking presents an opposite problem, bringing older material into contact with younger 
sediments, and may be responsible for anomalously old ages. In general, shells are fairly 
robust and many types may survive multiple phases of transport and redeposition. This 
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problem is likely to be most serious in dynamic sedimentary settings, for example near 
fluvial or estuarine channels or where wave energy is high. 

To some extent, reworking may be guarded against during sample selection. Intact, well 
preserved shells showing minimal abrasion should be dated in preference to scattered shell 
fragments or highly degraded specimens. The type of deposit should also be considered; 
detrital shell material in channel fills, for example, is likely to be less reliable than in situ 
shells from marsh or tidal flat deposits. Within radiocarbon dated sequences, anomalously 
old ages due to reworking should be identifiable in age-depth plots. Where samples present 
a systematic, monotonic series of increasing age with depth, reworking is usually not 
considered significant. However, reworking may be responsible for scatter in radiocarbon 
ages, which may or may not be detectable. 

5.2.2 Calibration 

5.2.2.1 Rationale 

Radiocarbon dates and age-depth models are presented in calibrated years before present. 
The use of calibrated ages is preferred, partly for the general reason that they permit inter¬ 
study comparison between palaeoenvironmental records based on a variety of chronological 
methods (e.g., varve-counts, dendrochronology), but also for the specific reason that time- 
dependent age differentials between radiocarbon and calendar ages can produce misleading 
impressions of the duration of episodes and rates of change even when working solely 
within a radiocarbon-based chronology (Bartlein et al., 1995). For example, one of the 
main points of interest arising from the dating of estuarine infill sequences is the estimation 
of sedimentation rates. Sedimentation rates based on uncalibrated radiocarbon-ages can be 
misleading, producing over-estimates for the timespan under investigation here due to the 
effectively shorter duration of a radiocarbon year compared with a calendar year. 

5.2.2.2 Calibration methods 

Radiocarbon dates were calibrated using the software program CALIB (Stuiver & Reimer, 
1993; version 5.01). Dates on wood fragments were calibrated using the IntCal04 dataset 
(Reimer et al ., 2004). For dates on biogenic carbonate from shells, the Marine04 calibration 
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dataset (Hughen et ai, 2004), incorporating a time-dependent global marine reservoir 
correction of -400 years, was used. The use of the marine calibration for the shell dates is 
supported by near-zero 5'^C values (at least for those samples where this variable is recorded). 

The choice of regional offset (AR) for the samples is not straightforward. Through the 
radiocarbon dating of museum specimens, Soares (1993) identified the influence of the 
upwelling of '"‘C-depleted ocean water on the Portuguese coast, with an average AR value 
for the entire Portuguese margin of 256±29 '"'C yr, or 235±35 '"‘C yr for the southern coast 
(37‘’N). Considerable variability was observed between geographic locations; for example, 
a AR value of 345±90 ‘"'C yr was obtained at Portimao, and a AR value of 5±70 yr at Vila 
Real de San Antonio at the mouth of the Guadiana. Soares also identified temporal variation 
in AR values during the Holocene, observing a c. 250 '"'C yr reduction in AR value for the 
earlier part of the Holocene (prior to 2000 '"'C bp). This reduction which would indicate a 
reservoir age close to the global average. For this reason, calibration with AR=0 (global 
average reservoir correction) is considered the best choice in light of regional information. 

Nevertheless, some uncertainty surrounds the choice of appropriate reservoir correction 
for carbonate materials from an environment where the mixing of marine and river water 
occurred, and where complex hydrological changes will have occurred over time, related 
to the Holocene process of estuarine expansion and subsequent infill. In order to gain an 
impression of the age uncertainty associated with reservoir correction choice, the shell 
dates were also calibrated with the marine dataset using AR values of 235 ±35 '"'C yr and 
with the mixed Northern hemisphere terrestriahmarine dataset with a 5 0/50 terrestriahmarine 
proportion. These different options are used to model the approximate endpoints of a range 
of possible reservoir effects, from an open ocean offset with strong upwelling effects to a 
modest reservoir effect occurring in a mixed marine/freshwater environment. Table 5.2 
shows the results of calibration with different reservoir effects. 
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As shown, the range between the extreme endpoints of the 2 sigma calibrated age ranges 
based on a strong reservoir effect (Marine04, AR=235±35 yr) and a weak reservoir 
effect (mixed 50/50 marine/terrestrial) is generally in excess of600 calendar years. Therefore, 
in addition to the 2 sigma calendar age range based on the standard marine reservoir 
correction (which is considered the best choice for the shell samples in light of regional 
evidence), the endpoints of the alternative calibrations are plotted with dotted lines on the 
age depth models, and are considered a more conservative estimate of the true confidence 
intervals for the shell dates than that based solely on the laboratory supplied analytical 
error. 


Core 

Depth 

(cm) 

Laboratory 

number 

”C Age 
(yr bp) 

Marine04 

AR=235±35 

Cal age, 2o (yr BP) 

Marlne04 

AR=0 

Mixed 

NH/MarIne 

50/50 

Range 
(Cal yr) 

CM5 

333 

IGNS [NZA-21412] 

3375±39 

2770 - 3080 

3130 -3350 

3350 - 3550 

780 

CMS 

S79 

KIA 15211 

4295±35 

3930 - 4250 

4300 - 4520 

4530 - 4800 

870 

CMS 

890 

IGNS [NZA-21413] 

6764±45 

6890-7180 

7200 - 7400 

7410-7560 

670 

CMS 

108S 

KIA 15213 

4095±30 

3680 - 3960 

4020 - 4260 

4250 - 4490 

810 

CMS 

134S 

KIA15212 

7585±35 

7690 - 7920 

7960 -8140 

8170-8330 

640 

CMS 

177S 

KIA15210 

7725±45 

7830 - 8090 

8060 -8310 

8220 - 8450 

620 

P2 

61S 

IRPA-13237 

5355±30 

5330 - 5580 

5630 - 5840 

5880 - 5990 

660 

P2 

903 

IRPA-13239 

6640±40 

6730 - 7030 

7050 - 7260 

7280 - 7430 

700 

P2 

1150 

IRPA-13238 

7730±45 

7830-8100 

8070 - 8320 

8220 - 8450 

620 

P2 

1570 

IRPA-13236 

7810±50 

7920-8170 

8170 -8370 

8360 - 8540 

620 

PS 

481 

IRPA-13234 

3300±35 

2730 - 2960 

3010 -3270 

3260 - 3440 

710 

PS 

885 

IRPA-13233 

7090±35 

7270 - 7460 

7490 - 7650 

7670 - 7830 

560 

PS 

1135 

IRPA-13232 

7515±35 

7630 - 7860 

7900 - 8080 

8030 - 8280 

650 

PS 

1330 

IRPA-13235 

7735±35 

7850 - 8090 

8110-8310 

8310-8430 

580 

PS 

1528 

IRPA-13231 

7700±35 

7810-8030 

8050 - 8280 

8220-8410 

600 








Mean 670 








StDev 90 


Table 5.2. Calibrated age ranges for shell dates from cores CMS, P2 and P5 using different 
reservoir effects. 
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5.2.2.3 Central point calendar age estimates 

As the models proposed for the sites are based either on teehniques of linear regression of 
age onto depth (CM5) or linear interpolation between radiocarbon dates (P2, P5), it is 
convenient to use single, central-point estimates for the calibrated ages. As the probability 
fields for errors in calibrated ages are generally non-normal and frequently multimodal, 
single point estimates of the calibrated age range do not always provide a robust indicator 
of the most likely calibrated age. However, central point estimates may be derived by a 
number of methods, some of which are more robust than others (Telford et al., 2004). 
Weighted average or median probability methods are more stable than methods based on 
the location of intercepts on the calibration curve (Telford et al, 2004: 297). Here, the 
median probability (calculated in the software program CALIB) is used. 

5.3 Age-depth models 

Age-depth models based on the available radiocarbon data provide a means for estimating 
sample ages and sedimentation rates for the sequences. In this section, plots of calibrated 
dates against depth are presented for each site, and age-depth models are proposed. The 
age-depth models are based on linear regression (CM5) and linear interpolation (P2, P5). 
The data points that constrain the age-models are presented for each site, accompanied by 
the derived gradient for each segment of the age-depth models. The segment gradient 
provides an estimate of sedimentation rate (SR) or net vertical accumulation of sediment 
per unit time. 

No dates have been obtained from the basal gravel fills of the sequences (sediment zones 
CM5s-l, P2s-1, P5s-1). Radiocarbon dates from other estuaries in the Gulf of Cadiz region 
(Dabrio et al, 2000) and investigations of the seismic stratigraphy of the Guadiana valley 
infdl (Lobo et al, 2003) place the period of gravel accumulation during marine isotope 
stage 3, and suggest that the upper boundary of the gravels is an erosional surface representing 
a considerable period of time prior to the initiation of predominantly fine-grained 
sedimentation. The basal gravel fills therefore cannot be included in the age-depth modelling. 
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In general, the estuarine environment is characterised by complex patterns of sedimentation 
and highly variable deposition rates (Colman et al, 1992). It is therefore recognised that 
the proposed age-depth models are only approximations of actual patterns of sedimentation. 
SR estimates based on the linear segment gradients represent long-term averages only, and 
represent the sum of deposition, resuspension, erosion, and compaction effects occurring 
at the sites. These estimates may conceal (a) short-term (i.e. annual time-scale) fluctuations 
in SR or (b) rapid changes occurring at lithological boundaries. The extent of short-term 
fluctuations is considered here essentially unknowable, as is generally true except where 
annually laminated sediments are preserved (Bennett, 1994). The extent of rapid changes 
occurring at lithological boundaries may be evaluated given a sufficient resolution of the 
age-depth curves (i.e. number of dates) and depending on the location of dated samples 
within the sequence. Where a high chronological resolution is not achieved, the likely 
influence of changes in SR at lithological boundaries must be evaluated in light of the 
characteristics of the sedimentary record. Overall, both factors (a and b) will introduce 
error into the estimation of ages for sample depths and zone boundaries. 

5.3.1 CMS Guadiana 

Calibrated radiocarbon dates from core CMS are plotted against depth (Figure 5.1). One 
date (depth 1085cm, KIA 15213) falls considerably outside the general age-depth trend of 
the other dates and is excluded from the age model. The date appears anomalously young 
for the depth. This anomaly is too great to be the result of burrowing, and must be attributed 
either to sample contamination with modem carbon or to sample displacement within the 
borehole during drilling. The other dates present a systematic series of increasing age with 
depth, and are included in the constmction of the age-depth model. 

The plotted CMS dates suggest an age-depth profde with two distinct parts; a steeply 
inclined (i.e. high SR) lower part and a less steeply inclined (i.e. reduced SR) upper part. In 
order to model this age-depth relationship, lines of best fit were obtained by least squares 
regression analysis (regressing age onto depth) independently for the lower and upper parts 
of the age-depth profde. These regression lines display a good measure of fit with the data 
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Figure 5.1. Age-depth model, CMS, based on two linear regressions. Solid dots show 
median calibrated ages based on the lntCal04 calibration dataset (Reimer et a/., 2004) for 
wood dates and the Marine04 calibration dataset (DR = 0) (Hughen et a!., 2004) for shell 
dates. Solid error bars show the 2 sigma confidence interval based on the analytical error 
term. Shell dates also plotted with extended confidence ranges (dashed lines) based on 
multiple calibrations accounting for a range of possible estuarine reservoir effects, 
ranging from open ocean with strong upwelling effect (Marine04, DR = 235±35 yr) to 
weak reservoir effect (mixed Northern Hemisphere 50/50 marine terrestrial). 
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points (high coefficients of determination, R^), and pass through or very close to the 
confidence ranges of all the dates. The data points included in each regression, the regression 
equations and coefficients of determination are shown in Figure 5.1. The intersection point 
of the two segments is 896 cm, 7286 cal BR 

This age-depth model based on two linear regressions was selected in preference to a model 
based on linear interpolation between the age-depth data. While a linear interpolation model 
closely resembles the chosen linear regression model for some sections of the core, linear 
interpolation introduces some rather abrupt changes in gradient in some sections. Most 
pronounced is a segment implying reduced SR between the uppermost wood date (depth 
2095 cm) and the lowermost shell date (depth 1775 cm), and a subsequent segment implying 
peak SR between the two lowermost shell dates (depths 1775 and 1345 cm). It is possible, 
of course, that these abrupt changes in gradient may reflect actual patterns of sediment 
accumulation at the site, possibly associated with the boundary between sediment zones 
CM5s-4 and CM5s-5. Flowever, bearing in mind the possibility for dates on wood to be 
older than the time of deposition, and the fairly wide confidence interval associated with 
the shell dates, it is also considered possible that the gradient changes implied in this section 
may be an artefact of scatter in the radiocarbon dates. In this case, it is considered appropriate 
to proceed with the more simple model based on linear regressions. However, the question 
of changes in SR in the middle part of the core must be considered unanswered, requiring 
additional dating of preferably short-lived organic material from the upper part of sediment 
zone CM5s-4 and the lower part of CM5s-5. 

Finally, other age-depth models were considered, including polynomial (quadratic and cubic 
forms) and cubic spline models. The polynomial forms (including all data points from both 
the lower and upper part of the core) produce a smoothed curve without the abrupt change 
in gradient at depth 890 cm associated with the two-line regression model. As a result, 
however, the modelled age-depth curves diverge from the data points in the regions above 
and below 890 cm. These models are characterised by lower coefficients of determination 
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and higher residuals than the linear regressions. Moreover, there is no a priori reason to 
favour the curved age-depth relationship resulting from higher order polynomial regressions 
over a linear model, especially where the former suggests structure to the age-depth profile 
for which the radiocarbon data provide no evidence. The cubic spline method, which fits a 
polynomial between each pair of points for which the coefficients are determined slightly 
non-locally (Bennett, 1994), introduces dramatic swings including sections with negative 
SR, and is clearly unacceptable. 

Based on the selected age-depth model, age estimates for sample depths and zone boundaries 
can be produced. Lithostratigraphical zones, as defined in the previous chapter, are plotted 
alongside the age-depth model in Figure 5.1. Based on the model, the initiation of 
sedimentation at the site (excluding gravels of CM5s-l) occurred at 13,000 cal BR The 
age-model places the Pleistocene/Flolocene boundary (assuming a calibrated age for the 
onset of the Flolocene of 11,500 cal BP (Bjorck et ah, 1998)) at a depth of 3820cm. This 
suggests that the lithostratigraphical sequence may be broadly classified as Late-glacial 
(sediment zones CM5s-2,3) and Flolocene (zones CM5s-4, 5, 6). 

Overall, the age-depth curve for core CM5 indicates rapid long-term sediment accumulation 
during the Late-glacial and early to mid-Flolocene (prior to c. 7300 cal BP). Long-term 
average SR for this period is estimated at 6.9 mm/yr, with vertical accumulation of around 
40 m thickness over a period of c. 5700 yrs. After c. 7300 cal BP, sediment accumulation 
rates are reduced. Long-term average SR is estimated at 1.2 mm/yr, with an accumulation 
of 9 m thickness over 7300 yrs. Short term variation in SR, although not quantifiable, is 
likely to have been greater in sediment zones CM5s-2 and CM5s-3, which are characterised 
by laminated sediments indicating an episodic deposition regime, than the more homogenous 
sediments of CM5s-4, CM5s-5 and CM5s-6. 

5.3.2 P2Arade 

Calibrated radiocarbon dates from the P2 core are plotted (Figure 5.2). The dates form a 
coherent series of increasing age with depth, and all are included in the age model. Although 
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Figure 5.2. Age-depth model, P2, based on linear interpolation. Solid dots show median 
calibrated ages based on the the Marine04 calibration dataset (DR = 0) (Hughen etal., 
2004). Solid error bars show the 2 sigma confidence interval based on the analytical error 
term. Extended confidence ranges (dashed lines) are shown, based on multiple 
calibrations accounting fora range of possible estuarine reservoir effects, ranging from 
open ocean with strong upwelling effect (Marine04, DR = 235±35 yr) to weak reservoir 
effect (mixed Northern Hemisphere 50/50 marine terrestrial). 
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Figure 5.3. Age-depth model, P5, based on linear interpolation. Solid dots show median 
calibrated ages based on the the Marine04 calibration dataset (DR = 0) (Hughen etal., 
2004). Solid error bars show the 2 sigma confidence interval based on the analytical error 
term. Extended confidence ranges (dashed lines) are shown, based on multiple 
calibrations accounting for a range of possible estuarine reservoir effects, ranging from 
open ocean with strong upwelling effect (Marine04, DR = 235±35 yr) to weak reservoir 
effect (mixed Northern Hemisphere 50/50 marine terrestrial). 

The dashed line marked (?) shows an alternative segment of the age-model which is 
suspected on the basis of core lithology and requires validation with further dates. 
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a number of methods for fitting curves to the age-depth data are available, linear interpolation 
is considered the most appropriate choice for the P2 age-depth model given the small number 
of available dates. Linear interpolation provides a straightforward and commonly used basis 
for age-depth models. The method is “superficially crude, but does provide reasonable 
estimates for both ages and gradients” (Bennett, 1994: 339). Using linear interpolation, the 
age models are constrained to pass directly through the available age-depth control points 
provided by the radiocarbon dates. The disadvantages of linear interpolation, however, are 
that it takes no account of the associated errors or confidence ranges of dates, and that the 
gradient changes sharply at each age point, which may not be realistic. 

The age-model is constructed by linking the chronological control points with linear 
segments, on which basis age estimates for sample depths can be made. The control points 
and gradients of the segments of the age-model are shown in Figure 5.2. Modelled ages for 
the sediment zone boundaries are also shown. The lowermost segment is extrapolated on 
the basis of the lowermost two dates. This extrapolation provides an estimated date for the 
initiation of fine-grained sedimentation at depth 1925 cm (base of sediment zone P2s-2) of 
8340 cal BP. This date is tentative because there are no control points in the lowermost 
sediment zone, and probably represents a minimum age for the onset of sedimentation. 

Estimated SR for the initial phases of infilling prior to c. 8200 cal BP is extremely high 
(~60 mm/yr). After c. 8200 cal BP, estimated SR decreases to c. 2 mm/yr, and finally to 1.1 
mm/yr for the period from c. 5700 cal BP until present. As the radiocarbon ages fall some 
distance from the sediment zone boundaries, changes in SR occurring at zone boundaries 
cannot be determined. However, a broad contrast in SR is demonstrated between sediment 
zone P2s-3 (high long-term average SR) and P2s-4 (reduced long-term average SR). 

5.3.3 P5 Boina 

Calibrated radiocarbon dates from the P5 core are plotted (Figure 5.3). As with core P2, a 
simple age-depth model based on linear interpolation between radiocarbon-based control 
points is used. The lowermost two dates are reversed in terms of the expected age-depth 
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sequence. The dates are very close in age, and display considerable overlap in confidence 
intervals. As the dates are very close, neither is considered anomalous. If one of the dates 
were erroneous, it is considered more likely to that the upper date would be too old (as a 
result of reworking) than the lower date too young. For this reason, the lower date is used 
a control point in the age model and the upper is not. Nevertheless, the plotted age-depth 
curve passes very close to the 2 sigma confidence interval of the upper date. The control 
points used in the construction of the age-depth model and the gradients for each section 
are shown in Figure 5.3. 

Linear extrapolation from the lower dates provides an estimated age for the initiation of 
fine-grained sedimentation (base of sediment zone P5s-2) of 8210 cal BP. Estimated SR for 
the first phase of infilling prior to c. 8000 cal BP is very high (19.7 mm/yr). For the period 
between c. 8000 and 7600 cal BP, estimated SR falls to 6.3 mm/yr. After 7600 ka, estimated 
SR is further reduced, suggesting long term average SR until present around 1-1.5 mm/yr. 

Lithostratigraphical zones are plotted next to the age-model (Figure 5.3). Zone P5s-2 is 
characterised overall by high average SR of around 20 mm/yr. However, given that changes 
in lithological characteristics are likely to be allied with changes in deposition time, and 
hence sedimentation rate, sedimentation rate across the heterogeneous sub-zones of P5s-2 
is unlikely to have been uniform. Rather, sedimentation is likely to have been episodic, 
alternating between periods of relatively slow accumulation of silty sediments (P5s-2a/2c) 
and rapid to instantaneous deposition of sands and gravels (P5s-2b/2d). Nevertheless the 
total deposition time for P5s-2 overall appears to have been short, on the order of 200 
years. 

The lower part of zone P5s-3 is characterised by high average SR. On the basis of the 
available radiocarbon dates, the age-depth model displays a decline in SR during the 
depostion of zone P5s-3. However, the lack of control points in the upper part of zone P5s- 
3 may mean that reduced SR for the upper part of zone P5s-3 is unrealistic. It is possible. 
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and perhaps more likely, that sedimentation rates were more uniform during P5s-3, and 
that a change in SR accompanied the change in the sediment type at the P5s-3/4 boundary. 
This has a major implication for the modelled age of samples from the uppermost part of 
P5s-3. If a uniform sedimentation rate for the upper part of P5s-3 is posited, the top of P5s- 
3 would date to c. 7200 cal BP, as shown by the dashed line in Figure 5.3. This alternative 
is used for the estimation of ages for pollen samples. Flowever, this question cannot currently 
be resolved, and the P5 age-model would be significantly more robust with, at the least, an 
additional date at the top of zone P5s-3. 

Zone P5s-4 is characterised by reduced long-term SR. As with P5s-2, the nature of the 
sediments suggests an episodic depositional pattern, possibly accompanied by erosional 
events. 

5.4 Sedimentation trends and sea-level history 

The sedimentary infilling of estuaries is controlled by several factors, including sea-level 
rise, sediment budget, the morphology of the pre-existing landscape, the influence of wave- 
and tide- related processes, tectonic activity and human interference (Davis & Clifton, 
1987; Fletcher et ai, 1993). Sedimentation in estuaries is neither homogeneous nor 
necessarily synchronous either between estuaries or within individual basins (Lario et al, 
2002a). Sedimentation rates may be spatially variable, relating to factors such as water 
depth, depositional environment, current strength and so on. For example, Colman et al. 
(2002) note that the main axial palaeochannel of the Chesapeake Bay, which might be 
expected to demonstrate low variability in sedimentation history and accumulation rates, 
varies from nearly empty to completely full of Flolocene sediment. While a highly 
individualistic sedimentary response to local factors might not be unexpected, the age- 
depth relationships for the three sites reveal a broadly parallel development. Moreover, 
regional trends in sedimentation histories are emerging for southwest Iberia (Moura et al ., 
2000; Lario et al ., 2002a), and it is in this context that a direct comparison of the three sites 
is considered. 
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Inter-site comparison of the calibrated radiocarbon dates against depth suggest a general 
sedimentation trend with two distinct phases recognised at all three sites (Figure 5.4). A 
first phase, beginning around 13,000 cal BP at the CM5 site and around 8500 cal BP in the 
Boina-Arade estuary, and continuing until c. 6500 cal BP, was characterised by rapid 
sediment accumulation. At the CM5 site, a long-term sediment accumulation rate around 
7mm/yr is observed. In the Boina-Arade estuary, sedimentation rates in excess of 20 mm/ 
yr are recorded. During the period from 7500 to 6500 cal BP, sedimentation rates declined 
and a second phase, beginning around 6500 cal BP, was characterised by reduced rates of 
sediment accumulation. Long-term average sedimentation rates around 1-2 mm/yr are 
recorded at all sites. 

This two-fold infill pattern is not unique to these sites; similar patterns have been documented 
at other sites within the Guadiana estuary and at other southwest Iberian locations. Boski et 
al. (2002) document a two-fold pattern of sedimentation for other sites in the Guadiana 
estuary, with an early phase of rapid sedimentation prior to 6200 bp (c. 7000 cal BP) 
with sedimentation rates around 8.5 mm/yr and a subsequent phase with sedimentation 
rates reduced to around 3 mm/yr. (These values are based on radiocarbon years and are not 
directly equivalent with the results presented here based on calibrated dates). On the Spanish 
coast of the Gulf of Cadiz, Dabrio et al. (2000) and Lario et al. (2002a) identify two phases 
with contrasting sedimentation rates for Holocene infill sequences of the Tinto-Odiel, 
Guadalquivir and Guadalete estuaries. Across these sites a two-fold infill pattern is 
recognised, with a first phase between c. 10,000 and 6500 cal BP with sedimentation rates 
higher than 5mm/yr, and a second phase between 6500 cal BP and present with rates lower 
than 1.5 mm/yr. 

The agreement between the CM5, P2 and P5 age-depth relations for the last 8500 years and 
the similarity in general age-depth trends with other sequences in the Gulf of Cadiz support 
the view that a common external factor is primarily responsible for controlling sedimentation 
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Figure 5.4. General sedimentation trend in the CMS, P2 and PS cores, shown by a shaded 
line. Median calibrated ages and extended confidence ranges as shown in figures 5.1, 5.2 
and 5.3. Transition from Holocene transgressive to highstand eustatic sea-level phases 
marked by hash lines between 7500 and 6500 cal BP, corresponding to deceleration in 
sedimentation rates in the CMS, P2 and P5 cores. Lines showing sedimentation rates of 
10, 2 and 1 mm/yr plotted for reference. 
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rates at these sites during this period. Overall, the curvature of the age-depth profiles are 
consistent with the proposed history of post-glacial sea-level rise for the entire Portuguese 
coast (Dias et al, 2000) and with eustatic sea-level curves derived from non-glaciated 
areas (Fairbanks, 1989; Barden a/., 1996; Camoine^a/., 2004). These eustatic curves show 
a deceleration in sea-level rise around 7000 cal BP. This deceleration across the shift from 
the Holocene transgressive to highstand sea-level phases is considered the most likely 
explanation for the sedimentation trend observed at the sites. The first phase of rapid 
sedimentation prior to c. 6500 cal BP occurred under a regime of rapid sea-level rise and 
coastline retreat, with major increases in accommodation space in the drowned valleys 
promoting sediment trapping and rapid sediment accumulation. The subsequent deceleration 
and phase of reduced sedimentation rates corresponds with the onset of the sea-level 
highstand phase. 

For a number of reasons, sedimentation trends do not represent sea-level curves (Haslett et 
al, 1998). Estimated sedimentation rates do not take into account in situ sediment compaction 
(autocompaction), changes in the depositional altitude within the tidal frame, nor long term 
tectonic subsidence. A recent best-fit model for sea-level data from the Caribbean and 
South America estimates a relatively rapid rise of 7-8 mm/yr in the early Holocene with a 
marked reduction in this rate around 7000 cal BP (Milne et al ., 2005). The long-term average 
sedimentation rate at the CM5 site (~7mm/yr) presents a good match for this eustatic estimate. 
However, during the transgressive phase in the Boina-Arade estuary, sediment accumulation 
exceeded the rate of sea-level rise. This suggests a high sediment delivery and/or influence 
of basin morphology on sedimentation during this phase. 

It is recognised that tectonic activity may present a complicating factor in the study of 
sedimentation trends, in that changes in the relationship between land and sea may be due 
to tectonic displacements (Allen, 2001). Southern Portugal is a tectonically active region, 
and Portuguese coastal deposits record evidence of sedimentary impacts of the 1755 AD 
and earlier tsunamis related to powerful earthquakes (Dawson et al., 1995; Scheffers & 
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Kelletat, 2005). However, the maximum tectonically controlled vertical displacements during 
the Quaternary are several orders of magnitude less than eustatic sea level changes (Dias et 
al ., 2000) and, for the Guadiana valley at least, seismic stratigraphy does not reveal evidence 
for significant neotectonic activity during the Holocene (Lobo et al, 2003). 

At a low temporal resolution, these observations support the view that sea-level movements 
are the dominant influence on sedimentation in the Guadiana and Boina-Arade estuaries. 
Sedimentation in the CMS core appears to have kept pace with sea-level rise, and long¬ 
term average sedimentation rates reflect the decrease in sea-level rise after 7000 cal BP. In 
the P2 and PS cores, rapid infilling took place during the final part of the Holocene 
transgression. Long-term average sedimentation rates are also reduced for the upper part of 
the cores, associated with a transition from fine to coarse-grained sedimentation. 
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6 Discussion: sediment properties 

6.1 On the interpretation of sedimentary parameters 

6.1.1 Organic content 

Organic content, estimated by LOI^gg, represents the eontribution of organie matter from a 
wide range of sources. For tidal sediments these inelude: 1) detrital organie material of 
terrestrial origin (allogenie), e.g. pollen, ehareoal, wood, cutieles and other plant detritus; 
2) organic material of loeal (endogenic) origin within the tidal water body, sueh as 
phytoplankton, faecal material from zooplankton and filter-feeding organisms (e.g. mussels), 
and benthic animals; 3) in situ (authigenic) organic matter resulting from microalgal and 
baeterial populations within the sediment eolumn (Volkman et al, 2000). In vegetated 
saltmarsh settings, halophytie plants provide a further important souree of organie matter, 
ineluding both above ground litter and below ground biomass, e.g. roots, rhizomes and 
tubers (Allen, 2000). 

Variation in sediment organie eontent will refieet faetors such as biological productivity 
and trapping potential of the depositional environment, and the ratio of mineral to organie 
input at the site. Where the mineral eomponent is derived from the tidal water body and 
organie material is derived predominantly from detrital or in situ plant material, organic 
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matter content may show structured variation according to gradients of inundation frequency 
and altitude. For example, Fletcher et al. (1993) characterise marsh sub-environments in 
the Wolfe Glade wetland on the Delaware coast on the basis of LOI values. Values for 
organic content increase from low to high position with respect to the tidal frame, and with 
distance from tidal creeks and channels. In terms of percentage values, Fletcher et al. (1993) 
encounter LOI values > 50% for peats forming in waterlogged settings with low tidal 
influence (palustrine marsh), between 23 and 47 % for low to high marsh sub-environments, 
and between 9 and 14% for tidal flat samples. These last values are quite high, as the 
organic content of tidal flats, although variable, is generally much lower. Dyer (1998) 
suggests a rough division between high and low organic content in mudflat sediments at 
about 5% organic content as determined by LOI. 

In the present day Guadiana estuary, organic matter content has been shown to vary between 
estuarine sub-environments (Morales et al, 1997). Organic content is generally higher in 
channel margin samples than channel samples, and highest of all in saltmarsh samples. 
However, organic content also varies across the hydrodynamic zones of the estuary, being 
highest in the central estuarine domain and lowest in the fluvial estuarine domain. The 
authors attribute the elevated organic content of sediments of the central estuarine domain 
to the greater influence of settling and flocculation processes in this domain, and to the 
reworking of organic material from the fluvial domain. 

While organic content will reflect a range of sources and environmental variables, it must 
be recognised that variation in sediment organic content, particularly down-core variation, 
may also be strongly conditioned by diagenesis. A considerable proportion of deposited 
organic matter will decay as a result of bacterial and fungal processes, the activities of 
invertebrate grazers, and the presence of moisture and oxygen (hydrolysis and oxidation 
processes) (Allen, 2000; Volkman et al, 2000). Therefore, measured organic content will 
reflect preservation factors associated with chemical and biological conditions at the 
sediment-water interface and within the sediment column. For example, the commonly 
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observed trend in marine and intertidal sediments, of increasing organic content with 
decreasing grain size, results from increased preservation potential through ‘sorptive 
protection’ or adsorption, whereby organic compounds adhere to the surface of clastic 
material (Mayer, 1994). 

6.1.2 Carbonate content 

Calcium carbonate content, estimated from values for LOI^^q, represents the contribution 
of CaCOj and possibly other carbonate minerals from several sources, including; 1) fluvially- 
sourced detrital carbonates from geological sources within the drainage catchment of the 
rivers, 2) detrital carbonates eroded from the coastal zone of the Algarve, or 3) biogenic 
CaCOj from microscopic marine fauna such as calcareous foraminifera, and macroscopic 
mollusc fauna. For the sediment sequences studied here, the latter two sources are considered 
the most important. The upstream areas of the drainage basins of the Boina, Arade and 
Beliche rivers are dominated by non-calcareous lithologies. A small contribution of detrital 
carbonates may be present for the P5 and P2 cores, derived from at both sites from local 
runoff and for P2 from limestone outcrops in the southern part of the Arade drainage basin. 
Although the Beliche basin does not include carbonate lithologies, a small contribution 
may derive from detrital material from the Guadiana river. However, calcareous bedrock 
only forms a significant part of the Guadiana basin in the uppermost reaches of the river in 
the central part of the Iberian peninsula, and this contribution is considered minor. In contrast, 
biogenic sources are considered much more important for all sites, as it is in other estuaries 
where fluvial sediment input is low in CaC 03 , such as the Rias Bajas of Galicia (Nombela 
et al., 1995). These sources include calcareous foraminifera, calcareous dinoflagellates 
and molluscs. A possible detrital contribution eroded from coastal rocks and sediments of 
the Algarve littoral and carried into the estuaries by tidal currents is also recognised. As 
both the contribution of mineral matter of coastal origin and biogenic material derived 
predominantly from salt or brackish water fauna is likely to increase with more open 
co nn ection with marine waters, CaCO^ content is considered a crude proxy for general 
marine influence at the sites. 
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As with organic content, carbonate content may be significantly infiuenced by diagenetic 
processes. Although more commonly discussed with respect to deep marine deposits, 
carbonate dissolution cannot be discounted in nearshore terrigenous sediments and shallow 
water conditions (Aller, 1985). Carbonate dissolution occurs primarily near the sediment- 
water interface due to the release of carbonic acid during the decomposition of organic 
matter and sulphuric acid during the oxidation of ferrous sulphide minerals. Carbonate 
dissolution is exacerbated by irrigation of the sediment surface by burrowing fauna and 
particle reworking by deposit feeders (Aller, 1982), and conditioned by the supply of 
metabolizable organic matter (Reaves, 1985). 

6.1.3 Particle Size 

Particle size analysis is undertaken with a view to the characterisation of the hydrodynamic 
environment of deposition. The interpretation of particle size data is only possible within 
the framework of a general understanding of the nature of sedimentation in the estuarine 
environment. Sediment transport within an estuary depends on several factors, including 
river discharge, tidal circulation patterns and salinity (Dyer, 1979). Coarse-grained sediments 
(sand and gravel) are supplied from fluvial and shelf sources, and tend to travel as bedload 
material. Deposition occurs where the velocity of fluvial and tidal currents fall below the 
sediment transport threshold. In the river dominated reaches of the estuary, bedload material 
is transported downstream until the point where flood and ebb currents are equal; in the 
seaward areas of the estuary coarse-grained sediments are transported landward until the 
point where flood current energy is low enough to permit deposition (Dyer, 1979) These 
processes result in an idealised picture for the main axis of the estuary, of decreasing grain 
size in a seaward direction in the river dominated reaches of the estuarine channel, and 
decreasing grain size in a landward direction in marine estuarine domain (Dyer, 1979). 
However, the distribution of tidal currents is usually more complicated and deposition 
shows considerable lateral variability. In the estuarine setting, coarse grained deposits are 
generally associated with high-energy sub-environments such as tidal channels (channel 
fdl and lag deposits), sand flats, and tidal bars (Dalrymple, 1992). 
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Fine-grained material (silt and clay) is supplied to the estuary from river and marine sources, 
local runoff and organic production, and is carried in suspension within the tidal water 
body. The highest concentrations of suspended sediment occur near the maximum landward 
intrusion of the saline water body. Here, at the turbidity maximum, the circulation pattern 
of well- or partially-mixed estuaries maintains a higher concentration of suspended particles 
than either further upstream or further towards the seas (Dyer, 1979). Fine-grained sediment 
of fluvial origin enters the estuary where vigorous mixing exchanges sediment to the upper 
layer where the residual flow is downstream. In the middle estuary, the sediment settles 
into the lower layer where the residual flow is transported upstream. This cycle forms an 
effective sorting mechanism, and there are often considerable areas of mud-flat and tidal 
marshes in the area of the turbidity maximum (Stevenson et al, 1986). 

A highly characteristic feature of the suspended sediment content of tidal and near coastal 
waters is its incorporation into aggregate particles, both organic-mineral floccules and 
bioaggregates (Eisma, 1986; Eismaeta/., 1991a,b). Flocculation results from the collision 
of fine particles (predominantly clays) in the presence of an electrolyte (saline water) and 
is a function of sediment concentration, shear stress, salinity, organic coatings on the surface 
of particles and mineralogy (Mikkelsen & Pejrup, 1998). Organic matter, notably 
mucopolysaccharides produced by bacteria, algae and higher plants, plays an important 
role in maintaining flocculated particles (Eisma, 1986). Processes of coagulation by 
organisms, or bioaggregation, are also very important for the formation of aggregate particles 
in estuaries (Carson et al., 1988). Elocs are structurally delicate and subject to breakage by 
turbulence (Eisma, 1986; Wolanski & Gibbs; 1995). These include the production of faecal 
pellets and pseudofaeces by zooplankton and benthic invertebrates during filtering of 
estuarine water. Deposition of fine-grained material therefore generally occurs in the form 
not of single grains but of floes or bioaggregrates with higher settling velocities than the 
constituent particles (Carson et al., 1988; Gibbs et al., 1989). During the tidal cycle, as 
currents diminish, aggregate particles adhere to the bed, and consolidate during the slack- 
water period. As the current strengthens during the subsequent stage of the tide, some of 
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the deposited material may remain on the bed, as erosion may not be sufficient to remove 
all the deposited sediment (Dyer, 1979). In general, fine grained deposits (silts and clays, 
or muds) are associated with the central portion of an estuary, and with low energy sub¬ 
environments fringing the estuary such as mudflats, marshes and lagoons. 

The important role of aggregation of fine particles has ramifications for particle size analysis, 
as the size of constituent particles within aggregates may vary widely making interpretation 
of the hydrodynamic characteristics of a sediment sample difficult. The detailed investigation 
of aggregate particles in suspended sediments from the New Jersey shore (Carson et ai, 
1988), provides an example of the range of sizes of constituent particles. Faecal pellets 
measuring between 50 and 3000 |im (4.3 to -1.6 phi) in length contain particles in the 
range 1-50 |l m (10 to 4.3 phi) and display settling velocities equivalent to quartz grains in 
the range 25-160 |l m (5.3 to 2.6 phi). Organic-mineral aggregates (floes) measuring up to 
about 150 |im (2.7 phi) are composed dominantly of inorganic grains smaller than 6 |im 
(7.4 phi), and displaying settling velocities equivalent to quartz grains smaller than 25 |l m 
(5.3 phi). As discussed by Allen (2000), mixtures of aggregate particles in the tidal water 
column tend to be unimodal in terms of overall dimensions or settling velocity, but may be 
perceived as polymodal assemblages once dispersed for the purposes of analysis. 
Aggregation is likely to extend the range of particle sizes included in a sample, with impact 
on grain size parameters such as sorting and skewness. 

6.1.3.1 The Pejrup ternary diagram 

While flocculation effects may be important for the very fine (clay and fine silt) fraction, 
and bioaggregation for the fine fractions in general, the sand fraction is likely to have been 
deposited as single grains. The distinction between an aggregated fine fraction and non- 
aggregated coarse fraction provides the basis for one of the interpretive tools employed in 
the discussion of the particle size results, the Pejrup ternary diagram (Figure 6.1). While a 
range of classification schemes exists for the description of non-gravelly sediments using 
clay-silt-sand ternary diagrams (reviewed, for example, in Flemming, 2000), the Pejrup 
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CLAY 



Figure 6.1. The Pejrup ternary diagram for estuarine sediments, redrawn from Pejrup 
(1988). Lines indicating 90%, 50% and 10% sand divide the diagram into sections A to D, 
corresponding to textural changes related to decreasing sand content. Lines of constant 
clay/silt ratio divide the diagram into sections I to IV, corresponding to decreasing clay 
content within the mud (silt and clay) fraction. Decreasing clay content is considered to 
reflect increased turbulence and breakage offices. 


scheme (1988) is unusual in that it attempts to add a genetie aspeet related to hydrodynamie 
eonsiderations and speoifieally for estuarine sediments. 

Pejrup (1988) notes that the composition of the fine fraetion less than about 6 phi (16 |l m) 
in estuarine sediments tends to vary only within rather narrow limits. This laek of variability 
suggests that eomposition of this fine fraetion does not reflect internal hydraulie sorting, 
but instead the deposition of floeculated partieles. As floes are suseeptible to breakage by 
turbulence (e.g. Wolanski & Gibbs, 1995), hydrodynamie conditions influence the extent 
to which flocculated particles eontribute to sedimentation and hence the proportion of elay 
within the sediments. On the basis of this reasoning, elay eontent is taken to represent the 
eontribution of a fine fioeeulated fraction, which in turn is considered to refleet the degree 
of turbulence in the hydrodynamie environment. Lines of constant clay content (within the 
fine fraction) delineate four seetions on the ternary diagram eorresponding to increasing 
hydrodynamic energy (zones I to IV on the diagram). Hydrodynamie section I, corresponding 
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to clay content of >80%, indicates very calm conditions, rarely found in estuaries, and 
sections II to IV indicate increasingly higher levels of turbulence. 

Lines at 10, 50 and 90% sand content further divide the diagram into four sections, A to D 
— a textural classification corresponding to decreasing sand content. As described by Pejrup, 
the sand content is not necessarily a clear indicator of the depositional environment, because 
the sand group covers a range of grain sizes including particles transported both in suspension 
and along the bed. Also, sand content in estuarine sediments is usually dependent on distance 
from the source, which is likely to be the tidal channel. The major control imposed on sand 
content by distance from channels for tidal sediments is illustrated in the research of Pendon 
et al. (1998) on the tidal sediments of the Domingo-Rubio estuarine system near Huelva. 
Using the Pejrup diagram, channel samples plotted in sections A and B, channel margin 
samples in section C, and saltmarsh samples in section D. 

6.1.3.2 Biplots of mean grain size vs. sorting 

A second interpretive tool used in the discussion of the particle size data is a biplot of mean 
grain size versus sorting (phi standard deviation). The use of bivariate plots (biplots) in the 
interpretation of particle size data extends back over several decades (e.g. Stewart, 1958; 
others). A number of researchers have attempted to define graphic envelopes related to 
different depositional environments, e.g. beach, dune and river. Attempts to make 
environmental sense of biplots have not been entirely successful, possibly due to 
oversimplified outcome options (e.g. river vs. beach) or confusion arising from inherited, 
source-related grain size characteristics (Socci & Tanner, 1980; Tanner, 1991a). For these 
and other reasons, it is apparent that universal diagnostic models do not exist (McManus, 
1988). In this study, the use of biplots as an interpretive tool is undertaken not with the aim 
of establishing new graphic envelopes or predicting a variety of environmental settings, 
but as an aid to the discrimination of changes in hydrodynamic conditions within the estuarine 
setting and a means for inter-site comparison. 
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Figure 6.2. Template for biplot of mean grain size vs. sorting. Graphic regions (Closed 
basin, open channel) redrawn from Spencer et al. (1998) following the work of Tanner 
(1991a, b). Fields A and B (redrawn from Lario et al. (2000)) show the common envelopes 
for estuarine sediments, and their interpretation in terms of increasing energy of the 
depositional environment. 


Recently, biplots of sorting versus mean grain size, parameters generally accepted to reflect 
hydrodynamic controls (Griffiths, 1967), have been shown to be useful in illustrating changes 
in the energy of the depositional environment and the degree of sediment processing in 
estuarine and back-barrier sediments (Spencer et al, 1998; Lario et al, 2000; Lario et al, 
2002b). The biplot diagrams used in these studies adopt graphic interpretive regions derived 
from the research of Tanner (1991a,b). The diagram represents a “close-up” of one section 
of Tanner’s tail-of-fines diagram, which aims to distinguish ‘new supply’ (river or closed- 
basin) environments from winnowing environments subject to strong sorting processes 
(beach and dune). New supply environments are those where abundant supply of new 
sediments means that winnowing cannot be very effective (Tanner, 1991a). The biplot used 
here (Figure 6.2), adopted from Spencer et al (1998) focuses on the part of the diagram 
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related to new supply environments, and attempts to distinguish between river and closed- 
basin or settling environments. The distinction relates primarily to current energies of the 
depositional setting, and has been shown to distinguish, for example, between calm, settling 
conditions and fluvial flood or storm episodes (Lario et al ., 2000) or between closed and 
open conditions related to barrier development (Spencer et al, 1998). Although the 
interpretive regions are derived from Tanner’s research into suite statistic properties, the 
approach is, in fact, more traditional (and falls foul of some of Tanner’s criticisms of bivariate 
plotting), employing measures of average size (mean phi) and spread about the average 
(standard deviation or sorting) for the entire grain size distribution of individual samples, 
rather than measures of mean and standard deviations for the fine tail only (<4 phi) and for 
suites of samples. 

Previous use of the Tanner-derived biplot shows that estuarine samples tend to fall within 
an elliptical envelope spanning the boundary between the closed basin and channel graphic 
regions (Figure 6.2). The relative position of samples within this envelope has been suggested 
to relate primarily to energy conditions, with samples from higher energy settings plotting 
towards the channel region (Lario et al, 2000). Samples which are strongly influenced by 
the input of coarse material tend to plot within the channel region of the diagram. For 
marsh samples of the Guadalquivir and Guadelete estuaries (Lario et al, 2000; 2002b) 
samples falling within the channel region have been correlated with high-energy conditions 
occurring in storm, flood and possibly tsunami events. As noted with regard to samples 
from Scotney Marsh, in the southeast England, samples falling within the channel region 
of the diagram may relate not only to fluvial influence but to tidal channel influence (Lario 
et al, 2002b). 

6.1.4 Magnetic susceptibility 

A brief review of the basis for the interpretation of magnetic susceptibility is presented, 
drawing on Smith (1999) and Bearing (1999). Different substances exhibit different 
behaviour when placed in a magnetic field, and fall into different generalised categories of 
magnetic behaviour. In order of strongest to weakest influence on magnetic susceptibility. 
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these categories are: ferromagnetism, ferrimagnetism, canted antiferromagnetism, 
paramagnetism and diamagnetism. Ferromagnetic substances, such as pure iron, cobalt, 
and nickel, have very high magnetism but are not normally found in the natural environment 
in this form. Ferrimagnetism is the most important category of magnetic behaviour in 
natural materials. Ferrimagnetic minerals include magnetite and other iron minerals such 
as maghaemite and greigite which have high magnetic susceptibility values. Canted 
antiferromagnetic minerals, such as haematite and goethite, and paramagnetic minerals, 
which include a wide range of generally iron-bearing minerals common in rocks and 
soils, such as pyrite and dolomite, have weaker magnetic susceptibility. Diamagnetic 
substances oppose an external magnetic field and include non-iron bearing minerals such 
as quartz and calcite, and non-mineral substances including water and organic matter. 
Diamagnetic substances have very weak or negative magnetic susceptibility values. 

For soils and sediments, low frequency magnetic susceptibility (Xj^) chiefly gives 
information about the total concentration of ferrimagnetic minerals, or, where ferrimagnetic 
mineral concentration is extremely low, about the total concentration of canted 
antiferromagnetic and paramagnetic minerals. Samples of rocks and soils showing purely 
paramagnetic behaviour rarely show values exceeding 10 x 10'* m^ kg"'; higher magnetic 
susceptibility values are typically controlled by the concentration of ferrimagnetic minerals 
(Dearing, 1999). Several sources of ferrimagnetic minerals in estuarine sediment are 
recognised, including: 1) detrital particles derived from rocks and soils and transported 
by river or tidal currents, 2) biogenic particles derived from bacterial activity (e.g. 
production of intracellular magnetosomes), and 3) authigenic particles formed within the 
sediment. With respect to sediments, soil-derived particles are considered detrital, although 
their mode of production may be related to both chemical and biogenic processes (Oldfield, 
1992). Although authigenic minerals are regarded as the products of inorganic chemical 
processes, the activity of bacteria is generally involved in the formation processes (Dekkers, 
1997). For example, bacterial reduction of sulphate is critical in the formation of pyrite 
and other iron sulphides such as pyrrhotite and greigite (Berner, 1984). The mineral 
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magnetic assemblage may represent several different sources; for example, in Irish saltmarsh 
sediments, Oldfield & Yu (1994) identify a coarse magnetic mineral fraction of detrital 
origin and a fine mineral fraction of likely biogenic, bacterial origin. 

While provides an indication of the total concentration of ferrimagnetic minerals in a 
sample, it does not discriminate well between magnetic mineral grain sizes. Frequency 
dependent susceptibility exploits the behaviour of superparamagnetic grains (SP) and permits 
the identification of ultrafine grains within the magnetic mineral assemblage. The basis for 
frequency dependent behaviour is complex and the precise range of contributing grains 
sizes is not fully known (cf. Bearing et al ., 1996a; Eyre 1997). An outline is presented here. 
Magnetic minerals may be classified according to the organisation of magnetic domains, or 
regions of parallel atomic magnetic moment (Smith, 1999), with a basic division between 
grains with more than one domain (multi-domain (MB)) and single domain (SB) grains. 
The existence and behaviour of magnetic domains is strongly influenced by grain size. 
Below a critical size (less than -0.03 |im),SB grains exhibit a behaviour termed 
superparamagnetism whereby the induced magnetisation arising from placement in a 
magnetic field is lost (relaxation) in a very short period of time (around 1/10,000 of a 
second) (Bearing, 1999). This behaviour relates to the high natural thermal energy of ultrafine 
crystals. For a narrow range of grain volumes at the boundary between the SP and stable 
single domains, the relaxation time is measurable. Susceptibility measurements at two 
frequencies a decade apart exploits the relationship between grain size and relaxation time, 
identifying grains that have relaxation frequencies (inverse of relaxation time) that lie 
between the two measuring frequencies (Bearing et al, 1996a; Eyre, 1997). At low 
frequencies, grains near the superparamagnetic/ stable single domain (SP/SSB) boundary 
are able to contribute fully to susceptibility; at high frequencies, these grains do not contribute 
fully to susceptibility. 

Maximum values for percentage frequency dependent susceptibility 0Cfj„/__) are similar in 
theoretical calculations and empirical observations (around 14%) (Bearing et al, 1996b) 
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Plots of versus and can be helpful for the identification of different types of 
magnetic assemblage. Three types of assemblage can be identified on the basis of 
dominance of frequency independent grains <2 %), mixture of frequency-dependent 
and independent grains 2-6 %), and dominance of frequency-dependent grains 
>6 %) (Bearing et al, 1996a). The identification of a frequency-dependent assemblage is 
of interest in soil studies where frequency-dependent grains are indicative of the presence 
of secondary ferrimagnetic minerals (SFMs) derived from biologically active organic-rich 
topsoil horizons, particularly where burning processes have been effective (Le Borgne 1955; 
Bearing et al, 1996a; Bearing et al, 1997). In sediment sequences, the record of SFMs is 
of interest for the identification of soil formation (pedogenic) processes, inwash episodes 
of eroded soil material, and as a signal of burning in the catchment (Rummery et al, 1979). 

In the estuarine environment, the detection of a terrestrial, detrital magnetic signature is of 
interest for the evaluation of sediment sources (e.g. fluvial versus marine) and for the 
identification of catchment-scale erosion events. However, the interpretation of the magnetic 
susceptibility record in these terms may be severely hindered by the extent of post- 
depositional alteration of the iron mineral assemblage. Of particular importance are processes 
of iron mineral diagenesis involving the formation of iron sulphides in reducing geochemical 
environments. Post-depositional changes may influence mineral magnetic properties in 
contrasting ways. First, reductive diagenesis of detrital ferrimagnetic grains can reduce the 
magnetic concentration and alter concentration-independent magnetic parameters (Karlin 
& Levi, 1985; Canfield & Berner, 1987). Betrital iron minerals, including magnetite and 
other iron oxides, provide a source of reactive iron for the formation of pyrite under anaerobic 
and reducing conditions in the presence of organic matter (Berner, 1984). As pyrite is a 
paramagnetic mineral, a consequent reduction in magnetic susceptibility may occur. 
Reductive diagenesis has been shown to occur in a range of hydric settings including 
hemipelagic marine sediments (Karlin & Levi, 1983; 1985), lake sediments (Anderson & 
Rippey, 1988), waterlogged soils (Grimley et al, 2004) and peats (Williams, 1992). In 
estuarine samples, loss of magnetic susceptibility due to rapid iron mineral diagenesis has 
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been shown in down-core magnetic profiles for near-surface estuarine muds of the Galician 
Rias Bajas by Rey et al. (2000; 2005). These studies show that a reducing geochemical 
environment, rapid sedimentation and anoxic conditions promote reductive diagenesis. 

Second, the production of authigenic iron minerals can increase the ferrimagnetic mineral 
concentration. Certain iron sulphides, possibly occurring as intermediate forms in the 
production of pyrite (Roberts & Turner, 1993; Dekkers, 1997), are ferrimagnetic, notably 
pyrrhotite and greigite. Greigite, which was formerly considered rather rare in environmental 
samples (Thompson & Oldfield, 1980), is now recognised as an important component of 
natural magnetic assemblages in a number of sedimentary environments (Hilton et al, 
1986; Snowball & Thompson, 1990), often occurring in discrete, well-defined zones 
(Snowball, 1991). Other authigenic minerals may occur, such as paramagnetic and canted 
antiferromagnetic oxyhydroxides, such as ferrihydrite and goethite (Bearing et al, 1998), 
although the impact on magnetic susceptibility will not be as significant. Finally, the in situ 
formation of ultrafine-grained magnetite and possibly greigite in the form of intracellular 
magnetosomes may alter the magnetic mineral assemblage (Snowball, 1994). 

In samples taken for pollen analysis from the fine-grained sediments of cores P2, P5 and 
CMS, high levels of authigenic iron sulphides were observed to have formed within and 
around small organic particles such as pollen grains. This observation indicates that the 
iron mineral assemblage cannot be considered purely detrital. In the subsequent discussion, 
the possible role of detrital magnetic minerals is evaluated in light of other sedimentary 
evidence from the cores. However, it is recognised that precise discrimination of detrital 
and authigenic/biogenic components would require a full suite of magnetic measurements 
(notably remanence measurements (e.g. Oldfield, 1994)) allied with geochemical and 
microscopic mineral investigation. 
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6.2 CMS Guadiana 

6.2.1 Organic and carbonate content 

Two main patterns emerge from the LOI results of the CM5 samples: the correlation of 
water and organic content, and inter-zone differences in organic and carbonate content. 
The correlation of water and organic content in the CM5 core may be explained in part by 
water retention by organic particles, or by a common relationship with grain size variables 
favouring both increased moisture and organic preservation in the finer grained sediments. 
Down-core compaction and diagenetic effects probably also explain in part the overall 
trend towards lower values for water content and organic content in the lower half of the 
core. However, the influence of sedimentary characteristics is clearly superimposed on top 
of any long-term progressive effects, for example with characteristic changes in LOI variables 
associated with zone CM5s-3. 

In the lower part of the core (CM5s-2/3/4) organic content is low, suggesting a relatively 
high ratio of minerogenic to biogenic input. In part, a progressive increase in the influence 
of organic matter decay may account for this overall trend towards lower values for organic 
content. However, values for these parameters are clearly also related to lithological 
characteristics because the curves show distinct changes associated with lithological 
boundaries, and may therefore relate to changing depositional or environmental conditions. 
Carbonate content is observed to vary between sediment zones. 

CM5s-2, with low organic content and moderate CaC03 content suggests a sedimentary 
setting with low organic productivity and some marine influence. CM5s-3, which is clearly 
distinguished in terms of grain size parameters, is distinct in terms of low organic and 
carbonate content. While this may in part relate to reduced preservation potential for organic 
material in sandy sediments, some of the samples from this zone are indistinguishable from 
silts of zone CM5s-5, for example, on the basis of grain size parameters alone. Nevertheless, 
all the samples are distinct in terms of LOI values, suggesting a possible environmental 
control on organic and carbonate matter content independent of grain size effects. These 
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include low biological productivity of the depositional setting, and low calcareous biogenic 
input suggesting limited marine influence. In the overlying sediment zone, CM5s-4, low to 
intermediate values for organic and carbonate content suggest a low biogenic input. Slight 
elevation of carbonate suggests a slightly more open marine influence. 

Elevated values for organic and carbonate content occur in zone CM5s-5. Core high values 
for organic content suggest relatively high levels of biological productivity. The peak values 
for carbonate content suggest the strongest marine influence of any depositional phase at 
the site. High levels of carbonate minerals are associated with the presence of shells and 
shell detritus in this zone. This association may be a direct result of the inclusion of fine 
fragments of shell material in the LOI samples. However, high values for shell content may 
be indicative of environmental and taphonomic factors favouring the deposition and 
preservation of carbonates from a range of sources. A preliminary assessment of foraminifer 
content indicates that this section of the core is rich in calcareous forms (Boski, pers. com.). 
Dissolution effects are recognised in the CMS core, both in the variable preservation state 
of shell material and, the extreme case, in the form of sediment casts moulded to the form 
of dissolved shells. An active mollusc fauna and increased supply of organic matter may 
underline evidence for significant carbonate dissolution noted in this zone. It is recognised 
that dissolution is most prevalent in biologically active sediments where the sediment surface 
is disturbed through bioturbation and where decaying organic matter is present (Aller, 1982). 

The decline in organic content in the uppermost section of the core (CM5s-6) — in light of 
the reddened colour of the sediment in this zone — is probably related to increased oxidation 
at the sediment surface and increased rates of decay of organic matter. Parallel decline in 
values for carbonate content suggest a reduced influence of marine water, possibly associated 
with decreased frequency of inundation. 

6.2.2 Particle Size 

The sediment samples from the CMS sequence are characterised by a high silt content, a 
variable but overall low sand content, and poor sorting. Figure (Figure 6.3) shows the 


132 



Chapter 6 - Discussion: Sediment Properties 


particle size distributions for three characteristic samples from the core, which serve to 
illustrate some of the important changes observed in the sequence, and to explain the variation 
in sorting and skewness which characterise the sediment zones. 

Overall, the CM5 samples are dominated by fine sediments in the range 9 to 4 phi. Sediments 
in this range represent a near symmetrical unimodal distribution, as illustrated by sample 
2850cm. This distribution is considered the background grain size population for all the 
CMS samples, and probably represents particles deposited through settling processes and 
in the form of aggregates, either organic-mineral flocculates or bioaggregates. Increased 
sand content, which characterises the lower part of CM5s-2 and zones CM5s-3 and CMSs- 
5, is considered to reflect the variable contribution of a distinct population of fine sands in 
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Figure 6.3. Histograms of particie size data for three sampies from core CMS. 
Summary statistics: M (mean grain size), Md (median grain size), s1 (inciusive graphic 
standard deviation, or sorting), Sk (inciusive graphic skewness). 
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Figure 6.4. Pejrup ternary diagram: CMS sand/siit/ciay data. 


the range 4 to 1 phi. This population probably represents partieles deposited as single grains 
and transported under inereased current velocities in suspension or saltation. In sample 
4244cm, it is observed that although sands are dominant, the overall particle size distribution 
is bimodal and the background population can still be identified with a secondary mode 
between 7 and 6 phi. In sample 1605 cm (characteristic of the slightly sandy silts of zone 
CM5s-5), the background population is much more strongly represented, with a small 
addition of extra sandy material resulting from increased representation of the size classes 
in the coarse tail. This grain size distribution is recognised from all three sites studied, and 
is considered to be representative of a low-energy tidal setting, where a settling regime 
predominates except for the deposition of small quantities of fine sands during flood tides. 
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The addition of sands to the background population of fines has the effect of increasing the 
coefficient of sorting (i.e. more poorly sorted), although this may be considered the result 
of a combination of modes of sedimentation (aggregate and single grain) rather than a 
change in sorting processes acting on one mode. The relative proportions of two modal 
populations (fine aggregated population and coarse sandy) also determine the skewness of 
the distribution curves. Both positive, symmetrical and negative skewness is variously 
recognised in the sediment samples of the CM5 (and P2 and P5) sequences. Where only the 
fine modal population is present (e.g. 2850 cm), the distribution is symmetrical, reflecting 
a more or less normal distribution. As small quantities of the coarse modal population are 
added (e.g. 1605 cm), the distribution initially becomes negatively skewed, because the 
distribution now contains excess material in the coarse size classes relative to the dominant 
mode. Once the quantity of sand increases to the point where the coarse mode becomes 


CM5 



Figure 6.5. Biplot of mean grain size vs. sorting, CMS. Graphic regions redrawn from 
Spencer et al. (1998). 
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dominant, the distribution becomes positively skewed, because the distribution now contains 
excess material in the fine size classes relative to the dominant mode. Therefore, it is observed 
that the both positive and negative skewness (seemingly opposite conditions) can be 
explained by one factor, i.e. increasing sand content. This pattern of relationships between 
skewness and grain size populations was identified by Folk & Ward (1957) in a fluvial 
setting where sediments were composed of two distinct grain size populations. 

Plotted on the Pejrup ternary diagram (Figure 6.4), the majority of samples are tightly 
clustered in sections IV, C and IV, D. The boundary line marking sand content of 10% 
(diagram zones C/D) is considered the value below which sand content in muddy sediments 
becomes insignificant (Pejrup, 1988). This line discriminates fairly effectively between the 
sandier samples of CM5s-5 (section C) and the majority of samples from CM5s-2, CM5s- 
4, and CM5s-6 (section D). This discrimination, related to a greater supply of sandy material 
in zone CM5s-5, suggests increased current activity or proximity to the estuarine channel 
in this zone. Only the samples from zone CM5s-3 occupy diagram zone B, suggesting 
stronger current action and/or proximity to channel sand sources than in any other zone. 
These interpretations are consistent with the view that variation in sand content reflects the 
changing sand contribution to a background fine-grained population. This view is also 
supported by observation that despite strong textural contrasts in terms of sand content 
between zone CM5s-3 and the other zones, the proportion of clay and silt within the fine 
(non-sand) fraction remains fairly constant. All samples from core CMS contain less than 
20% clay in the fine fraction and fall within region IV on the diagram. The region is 
considered by Pejrup to indicate moderate to high energy conditions with respect to 
turbulence and the breakage of floes, although source-related features might also be important 
in determining the relative composition of the fine fraction (Flemming, 2000). 

Figure 6.5 shows the position of the CMS samples on a biplot of mean grain size vs. sorting. 
The bulk of samples from all stratigraphic levels in core CMS fall within a tight cluster 
within the “closed basin” region. This observation supports the view that low-energy settling 
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processes dominated in the depositional environment. Only samples from CM5s-3 plot in 
the “open channel” region, suggesting increased influenee of fluvial or tidal eurrents. 

6.2.3 Magnetic susceptibility 

The range of values for low-frequency susceptibility (9-90 x 10'^ m^ kg"') for the CM5 
core suggests that is controlled by the concentration of ferrimagnetic minerals, although 
the lowest values border on the range in which paramagnetic behaviour becomes more 
important (Bearing, 1999). A strong contrast in the magnetic signature of the lower part of 
the core (zones CM5s-2 and CM5s-3) and the upper part is recorded. In the lower part, the 
association of relatively high values for Xif and Xf^y^ and coarse grain sizes (sand content) 
suggest that the contribution of terrigenous detrital ferrimagnetic minerals may have a 
strong influence on the susceptibility signal (Figure 6.6). The relatively high Xf^o/^ values, 
indicating a mineral assemblage containing a mixture of frequency dependent and 
independent grains (Bearing et a., 1996), may suggest a more significant contribution of 
soil-derived detrital minerals. Frequency dependent susceptibility is an effective means for 
the detection of superparamagnetic (SP) grains in the size range 001-0.025 |l m (Bearing et 
al., 1997). Secondary ferrimagnetic minerals (SFMs), which are often identified as SP 
grains of magnetite or maghaemite, are produced in most topsoils and result in detectable 
concentrations of SP grains {Xao/„ >2%) (Bearing et al., 1996b). Although reflects a 
superfine mineral magnetic component, highx^^y^ values are associated with peaks in sand 
content in CM5s-2 and CM5s-3. This association suggests that the SP magnetic mineral 
component may occur as coatings on sand grains (Oldfield & Yu, 1994). 

The contrast between the lower and upper parts of the sequence is considered to reflect the 
evolution of the estuary and a general transition from conditions of strong to reduced fluvial 
influence. However, the actual controlling factors underlying reduced susceptibility values 
in the upper part of the core are difficult to determine. Two scenarios may be considered. In 
the first, susceptibility values unambiguously reflect the concentration of detrital terrigenous 
material. In this scenario, the susceptibility record indicates reduced input of terrigenous 
material relative to the lower core sections, with a further reduction between zones CM5s- 
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5 and CM5s-4. A series of notable peaks, however, also occur within and at the boundary 
between zones CM5s-4 and CM5s-5, which may relate to episodes of inwash of detrital 
material. A minor effect on the general reduction in will also derive from dilution by 
diamagnetic substances including organic matter and CaC 03 which are more abundant in 
zone CM5s-5. 

One problem with this scenario is that variation in and X^y^ in the upper part of the core 
does not show strong associations with grain size parameters. A second scenario must be 
considered, namely that diagenetic effects related to redox changes in the geochemical 

CMS Magnetic susceptibility and sand content 
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Figure 6.6. Comparison of x,,, and sand content, CMS. Shaded bands highiight 
sections of the core dispiaying an association of peaks in magnetic susceptibiiity and 
coarse grain sizes in the particie size distribution. 


X,f(x10" mV) 


Sand 


0 10 20 30 40 50 60 70 80 90 100 

I . I I I . I . I . I . I . I I I . I . I 


(%) 

0 20 40 60 80 

.. 



rn—rn—rn—i 

0 1 2 3 4 5 6 


Xfd% 


138 























Chapter 6 - Discussion: Sediment Properties 


environment underline the overall reduced values in the upper part of the core and variation 
within that core section. The CMS sediment sequence contains evidence for complex patterns 
of iron mineral diagenesis involving pyrite, siderite and goethite (Boski, pers. comm.). The 
abundance of these non-ferrimagnetic minerals may be diagnostic of the diagenetic alteration 
of ferrimagnetic iron oxides, and could indicate post-depositional loss of magnetic 
susceptibility. Karlin & Levi (1985), investigating hemipelagic marine sediments, clearly 
demonstrate that down-core loss of magnetic signal can be related to iron reduction in 
organic-rich rapidly deposited sediment. They argue that the most likely cause of down- 
core decreases in magnetic properties is the reduction of magnetite and the subsequent 
formation of pyrite occurring as a result of anaerobic microbial decomposition of organic 
matter utilising the ferric/ferrous transition as a source of metabolic energy. Progressive 
dissolution of magnetite with depth has also been demonstrated for estuarine sediments of 
the Ria de Arousa in northern Spain by Emiroglu et al. (2004). Given that indications of the 
appropriate environment for reductive diagenesis are present in the fine-grained sediments 
from CMS (rapid sedimentation rates, presence of organic detritus, high sulphide content) 
it seems very likely that the lowest values for in the CMS core may be associated with 
iron mineral diagenesis occurring within a poorly aerated, reducing environment. 

The possibility of in situ enhancement of the magnetic signal is also recognised, notably in 
the distinct peak in around the boundary between CM5s-4 and CM5s-5. This peak is not 
associated with an increase in coarse grain size fractions, and an authigenic source of 
magnetic minerals is suspected. Two contrasting explanations are recognised. On the one 
hand, the formation of authigenic greigite, a ferrimagnetic mineral associated with reducing 
conditions, may be responsible. Alternatively, the association of this peak with high levels 
of manganese at this depth (Boski, pers. comm.) may indicate the formation of oxidised 
minerals (for example, Mn-Fe hydroxides). In this case, the conditions underlining this 
localised peak in Xif may relate to an abatement of suboxic or reducing condition, possibly 
reflecting a phase of decreased sedimentation rate and a stabilisation of the oxidation front 
(Reitz et al, 2004). 
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In summary, the Late-glacial sediments (CM5s-2, CM5s-3) show stronger evidence for a 
terrigenous, detrital mineral magnetic assemblage associated with the input of coarse grain 
sizes than the overlying Holocene sequence. In the overlying part (CM5s-4, CM5s-5, CM5s- 
6), is insignificant, but displays a number of localised peaks. Two scenarios, detrital 
and diagenetic, are presented for the interpretation of variability in this part of the core, a 
detrital scenario and a diagenetic scenario. 

6.3 P2Arade 

6.3.1 Organic and carbonate content 

Values for organic content (LOI^gg) are higher in the lower part of the sampled sequence 
(zones P2s-2 and P2s-3) than the upper (P2s-4). Organic content shows a strong negative 
correlation with sand content (Pearson correlation coefficient, R = -0.716). This correlation 
is considered to reflect a combination of hydrodynamic, biotic and taphonomic factors. 
First, fine-grained sediments are indicative of low-energy settling conditions conducive to 
the deposition of detrital organic matter either as aggregate or individual particles. Second, 
the transition from a muddy to sandy substrates is likely to have an impact on the nature 
and extent of biological activity in the upper layers of the sediment. Third, differential 
preservation of organic matter in fine versus coarse grained sediments may be significant, 
either related to the role of fine-grained particles as carriers of organic coatings, or in terms 
of changes in the geochemical environment at the sediment/water interface between two 
contrasting sedimentation regimes. 

CaC 03 content (LOIg^p) displays a trend of increasing values across zones P2s-2 and 
P2s-3. An important component of biogenic carbonate is identified, with a strong positive 
correlation between CaCO^ content and shell content (R= 0.886) (Figure 6.7). The changes 
in CaCO^ and shell content are considered to reflect a transition from predominantly fluvial 
to open estuarine conditions. CaCO^ content in zone P2s-4a fluctuates between low and 
very high values which is partly related to fluctuations in shell content. This variability 
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Figure 6.7. Biplot of CaC 03 content vs. shell content, P2. 


reflects the heterogeneous sediment composition with varying proportions of shell and 
non-carbonate mineral content. 

6.3.2 Particle Size 

The sediment samples from core P2 display contrasting particle size distributions, in 
particular associated with the transition from fine to coarse grained sediments across the 
P2s-3 to P2s-4a boundary. Figure 6.8 shows three particle size distributions for individual 
samples, which highlight some of the important characteristics of the P2 sequence. Two 
samples are shown from the lower part of the core (P2s-2 and P2s-3). In one sample (1800 
cm), a bimodal distribution is observed, with mean and median values falling between the 
peaks. This distribution is characteristic of the sandier levels of zones P2s-2 and P2s-3. The 
primary mode occurs in the very fine sand class (4 to 3 phi), and probably represents a 
population of particles transported in suspension by current activity and deposited as single 
grains. The secondary mode occurs in the fine silts, 8 to 6 phi, and is probably associated 
with the settling of aggregated particles under low current velocities. In the fine-grained 
sediments of P2s-3 (e.g. sample 1210 cm), this latter mode becomes dominant, and the 
coarse mode is not apparent, although the coarse tail is well represented. This distribution 
is considered a typical low-energy tidal ‘mud’, as identified in the CMS core. In the coarse 
grained sediments of P2s-4a (e.g. sample 636 cm), the fine grained mode is apparent. 
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Figure 6.8. Histograms of particle size data for three samples from core P2. 

Summary statistics: M (mean grain size), Md (median grain size), s1 (inclusive graphic 
standard deviation, or sorting), Sk (inclusive graphic skewness). 


although poorly represented. As in the sandy sediments of the lower part of the core, a 
coarse grained mode is dominant; however, the mode occurs in the medium sands (2 to 1 
phi). This coarsening of the sand population suggests either the deposition of suspended 
particles under strongly fluctuating current velocities, e.g. storm-related events, or increased 
proximity to the main estuarine channel associated with the supply of bedload material. 

The Pejrup diagram (Figure 6.9), illustrates that the P2 samples display a fairly constant 
clay/silt ratio, with clay forming around 20% of the fine fraction. Samples fall on the 
boundary between regions III and IV, suggesting moderate hydrodynamic energies associated 
with some breakage of floes. The zones are strongly discriminated on the basis of sand 
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content, with samples from P2s-2 falling in region C, samples from P2s-3 in regions C and 
D, and samples from P2s-4 primarily in region B. This textural distinction between the 
zones relates not to changes in the range of represented particle sizes, but to the relative 
contribution of sand, as observed in the distribution histograms (Figure 6.8), and is considered 
to reflect changing proximity/influence of the channel activity. 

The biplot of mean grain size versus sorting for the P2 samples is shown Figure 6.10. 
Samples from P2s-2 and P2s-3 plot mainly within the ‘closed basin’ region of the diagram, 
with some samples falling in to the ‘open channel’ category. This straddling of the closed 
basin/ open channel boundary is rather typical of estuarine sediments (Lario et al, 2002b). 
Samples from P2s-4a plot entirely within the ‘open channel’ region of the diagram, 
illustrating the overall stratigraphic progression from closed basin settling conditions to 

CLAY 



Figure 6.9. Pejrup ternary diagram: P2 sand/silt/clay data. 
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more strongly current dominated channel conditions. The P2s-4a samples plot within a 
graphical envelope which shows a different alignment to the other sample envelopes. This 
change of alignment results in an overall curvature to the envelope of all plotted samples. A 
reason for this graphical curvature may be posited, related to the different sources of sediment 
and corresponding modes of deposition occurring in the estuarine environment. In the most 
calm settings (e.g. saltmarsh, closed lagoon), particles are derived virtually exclusively 
from the settling of fine particles or aggregates out of suspension in the tidal water body. 
Mean grain size is small, and sediments are relatively well sorted (low coelficient of sorting). 
In transitional sub-environments (e.g. tidal flats, channel margin), sediments comprise a 
mixture of fine suspended particles and coarse grained bedload material; mean grain size is 
intermediate and sorting is relatively poor (increased coefficient of sorting). In the more 
dynamic settings under the influence of fluvial or tidal currents, the contribution of fine 
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Figure 6.10. Biplot of mean grain size vs. sorting, P2. Graphic regions redrawn from 
Spencer et al. (1998). 
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grained particles is reduced, and current action may exert a slight winnowing effect on the 
finest particles; mean grain size is large and sorting may improve (decreased coefficient of 
sorting). These observations are an example of a widely recognised and robust set of 
relationships between sorting or dispersion and average (mean or median) grain size in 
natural environments (Griffiths, 1967). 

6.3.3 Magnetic Susceptibility 

Values for magnetic susceptibility in the range 5-225 x 10'^ m^ kg'hndicate a magnetic 
mineral assemblage controlled by the varying concentration of ferrimagnetic minerals. Values 
for indicate the presence of a mixture of frequency dependent and frequency independent 
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Figure 6.11. Comparison of x,,, Xfd% sand content, P2. Shaded bands highiight sections 
of the core dispiaying an association of peaks in magnetic susceptibiiity and coarse grain 
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grains in P2s-2 and P2s-4, but of virtually no frequency dependent grains in P2s-3. The 
general association of higher values for and Xf^y^ with the sandier core sections (laminated 
silty-sands in P2s-2, shelly sands in P2s-4a) suggests that the concentration of ferrimagnetic 
minerals may relate primarily to the input of terrestrial detrital material of fluvial origin. 
However, a diagenetic pattern may be superimposed onto the detrital record, reflecting 
major changes in the sedimentary geochemical environment between sandy and muddy 
bed settings. 

The significant values for X{^o/„ towards the base of the core (P2s-2) and the peak in below 
the P2s-2/3 boundary occur in a zone of laminated silty/sandy sediments and may relate to 
flood episodes bearing detrital magnetic minerals of terrestrial origin. In P2s-3, low values 
for x^f and Xfiy„ niay be associated with a reduced fluvial input of terrestrial ferrimagnetic 
minerals (related to the transition to a low energy tidal environment). However, diagenetic 
effects may be of greater impact. The observation of iron sulphide particles in sediment 
samples from this zone indicates a reducing geochemical environment, consistent with 
radiocarbon evidence for high sedimentation rates. The dissolution of ferrimagnetic minerals 
such as magnetite and the formation of paramagnetic pyrite may account for the very low 
values of Xf observed in this zone, which border on the range in which paramagnetic minerals 
may control susceptibility values (-10x10'*^ m^). At the top of P2s-3, a peak in Xf^o/^ occurs 
which does not correspond with an increase in Xf This peak may derive from a number of 
causes, and is not readily explained. The concentration of this peak within a narrow 
stratigraphic zone is suggestive of a localised authigenic or biogenic contribution (Snowball, 
1991). 

The contrast in x^f and Xfi% values between P2s-3 and P2s-4a corresponds with a shift from 
silty to sandy sediments in the upper part of the core (Figure 6.11). The association of the 
strongest susceptibility values and elevated sand content suggests that a detrital ferrimagnetic 
component associated with the coarse sediment fraction is detected in P2s-4a. However, 
the contrast between zones may be exaggerated by a shift from anoxic, reducing conditions 
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occurring at a muddy sediment/water interface under conditions of rapid sedimentation to 
oxidising conditions in an aerated substrate at a sandy sediment/water interface under reduced 
sedimentation rates. This shift would probably be associated with reduced diagenesis and 
better preservation of a ferrimagnetic mineral assemblage. 

6.4 P5 Boina 

6.4.1 Organic and carbonate content 

The P5 sequence is characterised by a series of fluctuations in organic (LOI^qq) and CaC 03 
(LOIgjg) content. In the lower part of the sampled sequence (zones P5s-1, P5s-2), broadly 
parallel fluctuations in organic and carbonate content are observed, which relate to the 
contrasting lithological layers observed in this section of the core. In the samples from the 
basal fill (P5s-1), both organic and CaCO^ content are very low. This is considered to 
reflect both long term diagenetic factors associated with exposure and weathering of the 
basal fill during the last Glacial cycle and a fluvial origin for the sediments. In zone P5s-2, 
variation in both organic and CaCO^ content is closely related to lithological characteristics, 
notably grain size. Values for both parameters are high in the fine-grained layers of P5s-2a 
and P5s-2c, and reduced in the sandy deposits of P5s-2b and P5s-2d. Peak values for organic 
content in P5s-2c are associated with the observation of wood fragments in this sub-zone. 
The relation between LOI values and grain size may be conditioned by taphonomic factors 
related to the diagenesis of organic matter and carbonates in coarse grained deposits. 
However, the patterns are also likely to reflect changes in the local environment related to 
the biological activity in different substrates (sandy vs. muddy) and increased carbonate 
depostion during periods of enhanced tidal vs. fluvial influence. 

In zone P5s-3, organic content is fairly stable, while CaCO^ content increases. Increased 
CaCO^ content in this zone is accompanied by the presence of an estuarine shell fauna and 
is considered to reflect an influence of open tidal/marine conditions. In P5s-4, CaCO^ content 
is reduced, reflecting a decline in tidal influence. Organic content shows little change at the 
P5S-3/4 boundary. 
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6.4.2 P5 Particle Size 

Particle size data from the P5 sequenee suggest a dynamie sedimentary environment. 
Overall, the sequenee displays a number of fluetuations between fine and coarse grained 
sedimentation. A wider range of partiele sizes are encountered in the P5 eore than the other 
sites, with a fine elay eomponent towards the base of the core and gravel both in the lower 
and upper sections of the eore. Distribution histograms for a selection of individual samples 
including the gravel fractions are shown in Figure 6.12, illustrating the eomplex and 
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Figure 6.12. Histograms of particle size data for four samples from core P5. 

Summary statistics: M (mean grain size), Md (median grain size), si (inclusive graphic 
standard deviation, or sorting), Sk (inclusive graphic skewness). 
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frequently polymodal nature of the particle size distributions. A minor mode in the finer 
clay fractions (12 to 11 phi) is detected in the samples from the uppermost layers of the 
basal fill (P5s-1; e.g. 1650 cm). This fine clay component is not detected in any other zone, 
and is considered to reflect weathering processes. A consistent mode is observed in the fine 
silts (8 to 7 phi); this is the dominant mode in fine-grained samples from P5s-3 (e.g. sample 
822 cm), P5s-2a and P5s-2c. This mode is considered to represent the central value for a 
population of clays and silts in the range 9 to 5 phi, probably representing fine particles 
deposited as part of aggregates. Superimposed on this population are inputs of sands and 
gravels of different sizes. Gravels occur towards the base of the core (P5s-2) and in the 
upper sections (part of P5s-3 and P5s-4), and provide evidence for high energy transport of 
bedload material of fluvial origin. Sands occur at several depths, and with peaks in different 
size classes. For example, sample 1519 cm (P5s-2b) displays a small population of grains 


CLAY 

o P5s-4 



Figure 6.13. Pejrup ternary diagram: P5 sand/siit/ciay data. 
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P5 



Figure 6.14. Biplot of mean grain size vs. sorting, P5. Graphic regions redrawn from 
Spencer et al. (1998). 


with a mode in the medium sands (2 to 1 phi) in addition to a strong representation of fine 
gravel (-1 to -3 phi). Sample 438 cm (P5s-4) displays a well represented population of 
coarse to very coarse sands (1 to -1 phi). The variability in sand content and the presence of 
a significant gravel fraction at some depths in considered to reflect the periodic influence 
of fluvial events of varying energy. 

The Pejrup diagram (Figure 6.13), illustrates that the majority of P5 samples display a 
fairly constant clay/silt ratio, with clay forming around 20-25% of the fine (silt and clay) 
fraction. This consistency supports the view that the particles in the cluster of grain size 
around the modal value of 8 to 7 phi represent an aggregated sedimentary component which 
is not subject to internal hydraulic sorting. Overall, the majority of samples fall on the 
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boundary of regions III and IV, suggesting moderate hydrodynamic energies associated 
with some breakage of floes. Samples from P5s-I fall outside the trend presented by the 
other samples. This highlights the distinct grain size distribution displayed by uppermost 
part of the basal fill (e.g. sample 1650 cm (Figure 6.12)) and is due to the high clay content 
of these samples. Variation in sand content is marked, even within zones. 

The P5 biplot for mean grain size versus sorting (Figure 6.14) displays the most scattered 
distribution of data points compared with the other sites. Samples from zone P5s-1 plot 
within the ‘open channel’ region. Samples from subzones P5s-2a and P5s-2c fall within or 
close to the ‘closed basin’ region. Samples from zones P5s-2b, P5s-3 and P5s-4 plot across 
the boundary between closed basin and open channel, although the bulk of samples from 
P5s-3 fall within the closed basin region. These contrasts reflect a dynamic sedimentary 
environment with alternation of high- and low- energy sedimentary conditions. 

6.4.3 P5 Magnetic susceptibility 

High values for magnetic susceptibility are recorded in the P5 sequence, in the range 30- 
620 X 10'^ m^ kg"', indicating that ferrimagnetic minerals control the magnetic assemblage. 
Values for are also significant, indicating a mineral assemblage containing a mixture of 
frequency dependent and frequency independent grains. 

Peak values for %|j.and at the base of the core are associated with clay rich samples from 
the top of the basal gravel fill. The strong magnetic susceptibility of these sediments may 
be associated with weathering or pedogenetic processes, as these values are comparable 
with those reported from soils developed on terraces and colluvium in the Serra region of 
the Algarve (James & Chester, 1995). 

For the overlying zones, the broad association of high values for and elevated sand 
content (Figure 6.15) suggests a detrital source of magnetic minerals derived from catchment 
soils and sediments via the fluvial system. Peaks in are associated with increases in sand 
content in zones P5s-2b, P5s-2d, P5s-3 and P5s-4. Following this interpretation, reduced 
values for in the generally fine grained (silty) sections may be related to reduced input of 
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P5 Magnetic susceptibility and sand content 
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fluvially derived terrigenous material, combined with dilution of the magnetic signal through 
higher levels of diamagnetic organic matter and CaC 03 . Peaks in are not clearly 
associated with sand content, and this suggests that a population of superfine frequency 
dependent grains is present in concentrations independent of the influx of detrital 
ferrimagnetic minerals, possibly associated with biogenic sources (Oldfield & Yu, 1994). 

Although the evidence for a detrital magnetic signature is fairly strong for the P5 sequence, 
diagenetic influences are probably also involved. The presence of authigenic iron sulphides 
in sediment samples from P5s-3 (observed during pollen preparations) means that the 
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ferrimagnetic mineral assemblage may have undergone dissolution and/or enhancement 
through the processes of magnetite diagenesis and greigite formation. As in each of the 
studied sites, the likelihood that changes in the sedimentary environment associated with 
broad changes from coarse to fine deposits were accompanied by changes in redox potential 
means that it may be difficult to fully distinguish detrital and diagenetic effects. 

6.5 Characterisation of the infiii sequences: summary 

Loss-on-ignition data helps to characterise the composition of sediments. Overall, the infill 
sediments are highly minerogenic, with low organic matter and CaC 03 content. Variations 
in sediment composition as determined by LOI are related to lithological characteristics of 
the sediment zones at each site. In general, fine-grained silty sediments show higher values 
for organic matter and CaC 03 content. This pattern is partly related to hydrodynamic and 
taphonomic factors influencing the deposition and preservation of biogenic particles. 
However, the patterns are also considered to reflect changes in the biotic environment 
associated with changing substrate (sandy vs. muddy) and varying degrees of marine 
influence. These changes are assessed in light of pollen and other microfossil evidence in 
Chapter 9. 

Particle size analyses help to identify changes in the energy conditions of the depositional 
environments. As shown by the examination of representative grain size histograms and 
Pejrup ternary diagrams, the entire range of grain sizes does not appear to be subject to 
hydraulic sorting. Instead, inter-sample differences relate to changing proportions of a 
population of fine grains with a mode in the silt classes (8-6 phi) and sands of different 
sizes. This is considered highly representative of a tidal environment, where the fines and 
sands are deposited during different parts of the tidal cycle (Dalrymple, 1992) and represent 
different modes of deposition (settling from suspension in aggregate particles vs. 
instantaneous deposition of single grains). Slight differences between the sites in the modal 
values of the fines population (7-6 phi for CM5 and P2, 8-7 phi for P5 Boina) may relate, 
as suggested by Pejrup (1988), to hydrodynamic influence on the stability of floccules, or 
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alternatively, to inherited characteristics related to sediment sources. The population of 
sands is more variable across the sites, and does suggest hydraulic sorting related to current 
strength and channel proximity In the CM5 core, the sand content is predominantly very 
fine to fine (4-2 phi), and in general represents a small proportion of the sediment. This 
observation is consistent with a marginal location some distance from the main estuarine 
channel in a tributary valley. In the P2 core, the sand content is higher overall, and in the 
upper parts contains a large component of fine to medium sands (3-1 phi). In contrast with 
CM5, the P2 core site is located in a more central location within the Arade valley and must 
have been close to the main fluvial/estuarine channel throughout the period of infilling. In 
core P5, a range of coarse sediments, including both sands and gravels, are recorded. These 
provide evidence for much more direct fluvial sediment supply than at the other sites, and 
suggest the influence of a flashier fluvial regime within the catchment. 

The sediment sequences show significant variability in magnetic susceptibility parameters. 
In general, a broad trend of higher susceptibility in coarse grained sediments and lower 
susceptibility in fine-grained sediments is observed at the sites. The discussion of the 
individual records has focussed on two explanations for this trend; first, that the concentration 
of ferrimagnetic minerals is dependent of the supply via fluvial sources of detrital minerals 
originating from rocks and soils in the drainage basin, and second, that the concentration of 
ferrimagnetic minerals is selectively and profoundly altered by reductive diagenesis in 
fine-grained transgressive sediments. The presence of iron sulphides in the fine-grained 
deposits supports the latter explanation. However, a combination of the two factors (high 
fiuvial/terrigenous supply, sandy sedimentation, oxidising environment, high susceptibility 
vs. reduced fiuvial/terrigenous supply, silty sedimentation, reducing environment, low 
susceptibility) is considered the best explanation. The factors which underlie the alternations 
between these two contrasting sedimentary/magnetic states are related to the development 
of the estuaries. This development is discussed in Chapter 9, drawing on the observations 
presented in this chapter, and insights from pollen analysis. 
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7 Pollen analysis results 

7.1 Presentation of the pollen data 

7. 1.1 Pollen types and nomenclature 

The pollen types observed in the eourse of analysis are listed in Table 7.1 by plant families 
in botanical order according to Flora Europea (Tutin et al, 1964-1980). Although Flora 
Europea has been used as the reference for plant nomenclature, name changes in some 
plant families proposed for the British flora by Stace (1991) have become increasingly 
standard in much pollen analytical work and are increasingly being adopted more widely 
in other European floras. For these reasons, the following alternative family names are 
therefore used (in preference to their Flora Europea counterparts): Asteraceae (for 
Compositae); Brassicaceae (Cruciferae); Poaceae (Gramineae); Eamiaceae (Labiateae); 
Fabaceae (Eeguminosae); and Apiaceae (Elmbelliferae). 

The pollen types encountered are also presented in alphabetical order in Appendix B, 
accompanied by sources for the definition and description of pollen types, notes on likely 
species which may be represented by the pollen types and their general ecological habitat. 
Plant nomenclature for generic and specific names follows Flora Europea. The notes on 
habitat preferences of the likely contributory species are based on a wide range of sources 
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Family 

Taxon 

Family 

Taxon 

Selaginellaceae 

Selaginella denticulata 


Helianthemum salicifolium type 

Isoetaceae 

Isoetes histn'x 


Tuberaria guttata type 


Isoetes undiff. 


Cistaceae undiff. 

Ophioglossaceae 

Ophioglossum lusitanicum 


Halimium ITuberaria 

Osmundaceae 

Osmunda regalis 

Tamaricaceae 

Tamarix 

Sinopteridaceae 

Cheilanthes catanensis 

Frankeniaceae 

cf. Frankenia laevis type 

Gymnogrammaceae 

Anogramma leptophylla 

Lythraceae 

Lythrum salicaria type 

Polypodiaceae 

Polypodium vulgare type 

Myrtaceae 

Myrtus 

Marsileaceae 

Pilularia globulifera 


Eucalyptus 

Class Pteropsida 

monolete undiff. 

Haloragaceae 

Myriophyllum alterniflorum 


trilete undiff. 


Myriophyllum spicatum 

Pinaceae 

Pinus (Diploxylon type) 

Araliaceae 

Hedera helix 

Cupressaceae 

Juniperus 

Apiaceae 

Apium inundatum type 

Ephedraceae 

Ephedra distachya type 


Eryngium 


Ephedra fragilis type 


Apiaceae undiff, 

Salicaceae 

Salix 

Ericaceae 

Ehca arborea type 

Myricaceae 

Myrica 


Erica australis type 

Betulaceae 

Betula 


Erica scoparia type 


Alnus 


Erica umbellate type 

Corylaceae 

Corylus 


Erica erigena type 

Fagaceae 

Castanea 


Arbutus unedo 


Quercus coccrfera type 


Calluna vulgaris 


Quercus suber type 


Rhododendron ponticum 


Quercus deciduous type 


Ericaceae undiff, 


Quercus undiff. 

Primulaceae 

Anagallis arvensis type 

Ulmaceae 

Ulmus 


Anagallis tenella type 

Polygonaceae 

Rumexacetosa type 


Samolus 


Rumex acetosella type 

Plumbaginaceae 

Armeria/Limonium 


Rumex undiff. 

Oleaceae 

Fraxinus 


Polygonum aviculare type 


Olea 


Polygonum persicaria type 


Phillyrea 

Chenopodiaceae 

Chenopodiaceae 

Gentianaceae 

Cicendia filiformis 

Caryophyllaceae 

Spergula type 


Centaurium 


lllecebrum verticillatum type 

Rubiaceae 

Galium type 


Herniaria type 

Convolvulaceae 

Convolulus 


Caryophyllaceae undiff. 

Boraginaceae 

Echium 


Caryophyllaceae trizonocolpate indet. 


Cynoglossum 

Nymphaeaceae 

Nymphaea 


Boraginaceae undiff. 


Nuphar 

Callitrichaceae 

Callitriche 

Ranunculaceae 

Ranunculus type 

Lamiaceae 

Stachys sylvatica type 

Papaveraceae 

Fumaria officinalis type 


Teucrium 


Hypecoum 


Lamiaceae (6-colpate) 


Papaver rhoeas type 

Scrophulariaceae 

Linaria 

Brassicaceae 

Brassicaceae 


Scrophularia type 

Crassulaceae 

Crassulaceae 

Plantaginaceae 

Plantago albicans type 

Rosaceae 

Sanguisorba minor 


Plantago coronopus type 


Alchemilla type 


Plantago lanceolata type 


Rosaceae undiff. 


Plantago major type 

Fabaceae 

Coronilla type 


Plantago undiff. 


Ulex type 

Caprifoliaceae 

Sambucus ebulus 


Lotus type 


Viburnum tinus type 


Trifolium type 

Valerianaceae 

Valerianella 


Ononis type 

Dipsacaceae 

Scabiosa colombaria type 


Onobrychis type 

Campanulaceae 

Jasione montana type 


Fabaceae undiff. 

Asteraceae 

Artemisia 

Oxalidaceae 

Oxalis pes caprae 


Aster type 

Geraniaceae 

Geranium 


Anthemis type 


Erodium 


Cirsium type 

Linaceae 

Linum bienne type 


Centaurea nigra type 


Linum catharticum type 


Centaurea, type unknown 


Linum undiff, 


Serratula type 


Radioia 


Asteraceae (Asteroideae/Cardueae) undiff. 

Euphorbiaceae 

Euphoitia 


Arnoseris minima type 


Mercurialis cf. annua 


Asteraceae (Lactucae) 


Mercurialis cf. tomentosa 

Alismataceae 

Alisma 

Anacardiaceae 

Rhus 

Potamogetonaceae 

Potamogeton subg. Potamogeton 


Pistacia 

Liliaceae 

Asphodelus 

Aceraceae 

Acer campestre type 


Colchicum 

Aquifoliaceae 

Ilex aquifolium 


Liliaceae undiff. 

Rhamnaceae 

Rhamnus 

Iridaceae 

Gynandriris sisyrinchium 

Vitaceae 

Vitis vinifera 

Poaceae 

Poaceae 

Malvaceae 

Malvaceae 


Poaceae D>38 P>8 

Thymelaeaceae 

Daphne 

Palmae 

Chamaerops 

Cistaceae 

Cistus albidus type 

Lemnaceae 

Lemna 


Cistus ladanifer/populifolius types 

Typhaceae/Sparganiaceae 

Typha/Sparganium 


Cistus monspeliensis type 

Typhaceae 

Typha latifolia type 


Halimium halimifolium type 

Cyperaceae 

Cyperaceae 


Helianthemum croceum type 




Table 7.1. List of pollen and spores identified in the CMS, P2 and PS cores by family. 
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(including Coutinho, 1939; Tutin et al, 1963-1980; Polunin & Smythies, 1973; Malato 
Beliz, 1982; Rivas-Martinez, etal., 1990; Mabberley & Placito, 1993) and from observations 
in the study areas. The information in Appendix B underlines the decisions made regarding 
the construction of the pollen diagrams and the interpretation of the pollen records. 

7.1.2 Construction of the pollen diagrams 

The pollen sum is the basis for the calculation of pollen percentages. “The establishment of 
the pollen sum is a very important step in any percentage analysis, as it defines the question 
asked in the investigation and consequently the framework for the possible answers”(Faegri 
& Iversen, 1989; 4). As a general rule, only those taxa relevant to the research question 
should be included in the pollen sum, which means that different research questions presume 
different pollen sums. In this study, three research questions are posed of the pollen data. 
First, what changes occurred in the regional vegetation and landscape during the period of 
estuarine infilling? Second, what changes in the vegetation of wetland environments were 
occasioned during the evolution of the estuaries? Third, does the composition of the total 
assemblage of pollen and spores reflect changes in pollen transport and pollen source areas? 
In most pollen analysis, the first (and to a lesser extent the second) question generally 
dominates the research focus. However, in the study of pollen from a complex, dynamic 
sedimentary environment, the third question is also critical. The aim of answering these 
questions provides the rationale behind the construction of the diagrams. 

In order to answer the first research question, it is necessary to calculate pollen percentages 
on the basis of a pollen sum which excludes taxa which are constituents of a local flora 
occurring within the depositional environment. In current lacustrine studies, the most 
frequently used basis for modem percentage pollen diagrams is a main sum including all 
pollen and spores and excluding aquatics (Moore et al, 1991). This basis, however, may be 
unsuitable for estuarine and tidal sites where the abundance of pollen derived from a wider 
range of local plants may be very great and may fluctuate widely. Pollen types such as 
Poaceae (grasses), Cyperaceae (sedges), Chenopodiaceae (goosefoot family) and Asteraceae 
(daisy family) are typically abundant in pollen records from marshes, mudflats and other 
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tidal wetlands, reflecting a pollen input from local vegetation. This over-representation has 
been documented in a number of studies (e.g. Andrieu-Ponel et al, 2000; Freund et ai, 
2004) and was noted in a preliminary assay of the pollen content of surface samples from 
the Beliche floodplain near the location of core CMS (Appendix A). The inclusion of local 
taxa in the pollen sum may preclude the identification of a regional signal of pollen from 
dry ground environments. At best, percentage values for dry ground or upland taxa will be 
suppressed; at worst, important changes may be concealed, and artefacts in the pollen 
percentage curves may arise from the varying input of local types resulting from changes 
in the local environment (Clark & Patterson, 1985; Santos et al, 2001). A method for 
dealing with the problem of local overrepresentation is to define a more restricted pollen 
sum which includes only taxa of dry land environments. Percentage values for taxa within 
this restricted pollen sum are then isolated from the effects of overrepresentation of wetland 
pollen types. This approach has been employed in a range of settings, including tidal marshes 
(Clark & Patterson, 1985) and coastal lagoons (Mateus, 1992), as well as lake basins (Van 
den Brink & Janssen, 1985; Van der Knaap & van Leeuwen, 1995). 

In order to answer the second research question, taxa excluded from a restricted main sum 
of dry ground taxa are generally presented either in a separate pollen diagram of local taxa 
or as an extension of the main diagram, with percentage values calculated relative to the 
restricted main sum. These percentages may be calculated in slightly different ways, of 
which the most common is either relative to the main sum of dry land pollen plus the 
individual taxon sum or relative to the main sum plus the sum of a group of excluded taxa 
(e.g. marsh aquatics) (Bennett & Willis, 2001). Changes in the proportions of local or 
wetland taxa relative to the restricted main sum may then be assessed in terms of changes 
in the environment within the depositional basin. 

Certain problems are attendant in the construction of diagrams based on a main sum where 
many taxa are excluded. The basis for inclusion or exclusion may not be straightforward, 
especially with regard to taxonomically broad pollen types. Also, the robustness of the 
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restricted sum depends on the complexity of pollen transport pathways into the basin. Where 
dry ground taxa chiefly reflect an airborne pollen rain deposited uniformly and more or 
less continuously across the basin, a restricted sum of these types provides a useful 
benchmark for the calculation of all percentage values. However, in the estuarine setting, 
where pollen may derive chiefly from fluvial sources and where pollen of both local and 
regional vegetation may be redistributed within the tidal water body, a restricted sum of dry 
ground types may not provide as robust a basis for the calculation of all percentages. This 
leads to the third research question, which is more securely addressed by inspection of the 
proportions of pollen taxa with respect to the entire pollen assemblage (and also by inspection 
of pollen concentration values). 

A dual calculation of pollen percentages on the basis of both the total sum of pollen and 
spores and separate partial sums, as described by Rybniekova & Rybnieek (1971), provides 
an elegant and intuitive way of addressing all three research questions. Percentage values 
are calculated for each taxon in two ways, on the basis of 1) the total sum of all pollen and 
spores, and 2) separate sums totalling 100% for dry ground and wetland taxa (partial sums). 
The two percentage values for each taxon can then be shown as a dual curve on the pollen 
diagrams, permitting the proportion of any taxon with respect to both the entire assemblage 
and the appropriate ecological group to be viewed easily. The percentage values for dry 
ground taxa based on the partial sum (of dry ground taxa only) are comparable to those 
shown in diagrams based on restricted main sums of regional pollen types (e.g. Mateus, 
1992). These values should provide the best indication of vegetation composition in the 
wider landscape. The percentage values for wetland taxa based on the partial sum (of wetland 
taxa only) should provide the best indication of changes in wetland habitats, especially 
those in the vicinity of the coring site. The percentage values for all taxa based on the total 
sum provide a straightforward description of the proportional composition of the entire 
pollen assemblage, and as such, are comparable with those presented by researchers who 
regard the exclusion of any taxa from the sum with suspicion (e.g. Pons & Reille, 1988). 
Finally, the relation between the two percentage values as observed in the dual curves 
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illustrates certain features of the pollen which would otherwise be difficult to explain. This 
method was used by Rybniekova & Rybnieek to deal with the overrepresentation of local 
pollen elements in organogenic peat deposits. A similar approach was taken by Heyvaert 
(1980), who demonstrated the value of using multiple pollen sums in the study of pollen 
samples from surface muds of the Somme and Pas-de-Calais estuaries. 

In this study, a basic division of the pollen and spore taxa into two groups has been made. 
The first group, “dry ground taxa”, includes only pollen types derived from plants that in 
all likelihood inhabited dry land environments above the tidal frame and above the level of 
ground-water. This group includes upland forest taxa and associated understorey shrubs, 
shrub taxa of heath, moor and scrub communities, and herbaceous taxa of dry ground habitats. 
The second group, loosely defined as “wetland taxa”, includes those pollen types which 
may be derived from plants growing in wetland habitats within the estuary and the fluvial 
domain. In addition to the aquatic taxa which are commonly excluded from the main pollen 
sum in most pollen studies (e.g. Nymphaea, Potamogeton), this group includes many other 
damp ground taxa and ambiguous pollen types. The pollen and spore taxa included in this 
group fall into three general categories, namely: 1) pollen and spore types representing a 
single or limited number of contributory species and derived with certainty from wetland 
habitats, e.g. Alnus, Myriophyllum alterniflorum; 2) pollen types representing numerous 
contributory species derived chiefly, though not uniquely from wetland sources, e.g. 
Chenopodiaceae, Cyperaceae, Poaceae; 3) ecologically ambiguous pollen types representing 
numerous contributory species from both wetland and dry ground habitats, e.g. Apiaceae 
undiff. The main emphasis in the definition of the two groups is on the ecology of the 
pollen types (dry ground vs. wetland) rather than on distance from the pollen source (i.e. 
local vs. regional sensu Janssen (1966)). This is because the definition of source areas and 
transport pathways for estuarine pollen is complex. These issues are discussed in detail 
with regard to the interpretation of the pollen data in Chapter 8. 
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Percentage values for all pollen and spore types are calculated in two ways. First, percentages 
for all taxa are calculated on the basis of the total sum of all pollen and spores. Second, 
percentages are calculated for dry ground taxa on the basis of the partial sum of dry ground 
taxa, and for wetland taxa on the basis of the partial sum of wetland taxa. On the pollen 
diagrams a dual curve is presented for each taxon, with the percentage of the total sum 
shown in a solid (shaded) curve, and the percentage of the partial sum shown in an open 
(not shaded) curve. Taxa which occur only in low frequencies and which do not exceed 1% 
of the partial sum are indicated only by a symbol (+). This method has the advantage that 
both the composition of the overall pollen assemblage and the abundance of taxa with 
regard to the appropriate dry ground or wetland group are readily observed. Percentage 
values for reworked trilete spores, indeterminate pollen grains, and non-pollen microfossils 
such as dinoflagellates and algae are calculated relative to the total sum of pollen and 
spores plus the individual sum for that taxon. 

7.1.2.1 A note on Isoetes undiff. 

Spores of Isoetes (recorded under the pollen type Isoetes undiff) were recorded in great 
abundance in core CM5. During the sieving stage of pollen preparation, Isoetes megaspores 
were encountered at several depths. It is not known whether the breakdown of fossil 
megaspores during pollen preparation can liberate additional microspores, although this 
might partly account for the tremendous abundance of microspores in some of the pollen 
samples, reaching up to 6 times the total pollen and spore count. Certainly, the presence of 
megaspores and the abundance of microspores reflects a local presence {sensu Janssen 
1966) of Isoetes plants. In order to prevent the total depression of percentage values for 
other wetland taxa, Isoetes undiff. is excluded from the sum of wetland taxa for the CM5 
samples. A pseudo-percentage value (i.e. a percentage value of a total sum of which Isoetes 
undiff. is not actually part) is calculated relative to the total sum of pollen and spores and 
the partial sum of wetland taxa. These “percentages” shows the abundance oi Isoetes undiff. 
relative to other pollen and spores (e.g. 200% equals twice as abundant). Although this 
practice is generally not recommended (Faegri & Iversen, 1989; 125), it works well in this 


161 



Chapter 7 - Pollen Analysis Results 


case for an extremely abundant taxon which would dominate any sum of which it were a 
part. 

7.1.3 Order of taxa in the diagrams 

In the pollen diagrams, dry ground taxa are shown first, followed by wetland taxa. In order 
to assist the interpretation of the pollen records, taxa are arranged within the diagrams in 
fioristic groups according to likely habitat or vegetation type. Dry land taxa are arranged 
with forest taxa first, followed by taxa of thickets, scrub and heath, followed by dry ground 
herbaceous taxa. Two family groups, the Cistaceae and Ericaceae, are grouped together for 
easy comparison of the types. It should be noted that Tuberaria guttata type, which represents 
herbaceous annual species of the Cistaceae family, is included with shrub taxa. In practice, 
this overall order approximates the traditional approach where pollen types are arranged 
according to life-form (i.e., trees, shrubs and herbs). The wetland taxa are arranged in 
fioristic groups reflecting different wetland habitats. Ecologically ambiguous taxa of possible 
wetland origin are shown first, followed by groups representing saltmarsh, aquatic, riparian 
and flooded ground vegetation. 

7.1.4 Summary diagrams 

It is customary to present a summary diagram showing the proportions of arboreal pollen 
(AP) vs. non-arboreal pollen (NAP) or the proportions of trees, shrubs and herbs to 
accompany the detailed or resolved diagram of individual pollen curves. However, these 
divisions are not straightforward for a Mediterranean-type flora where many plants may 
occur in different growth forms (i.e. tree or shrub) under different edaphic and anthropic 
pressures. The shrub category is especially very varied, including plants ranging in size 
from small trees 4-6 m in height to prostrate and dwarf shrubs less than 0.5 m in height. A 
slightly modified version of the traditional summary diagram is presented, with four 
categories: trees, tall shrubs / small trees, shrubs and herbs. The taxa included in each 
summary category are shown in Table 7.2, except for herbs, which simply include all the 
taxa grouped as dry ground herbs in the pollen diagram. The intermediate category (tall 
shrubs / small trees) includes certain taxa which do not clearly belong to a tree or shrub 
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Summary group 

Taxa 

Summary group 

Taxa 

Trees 

Acer campestre type 

Shrubs, cent. 

Coronilla type 


Betula 


Qnobrychis type 


Castanea 


Qnonis type 


Ilex aquifollum 


Ulex type 


PInus 


Lamiaceae {6-colpate) 


Quercus deciduous type 


CIstaceae undiff. 


Quercus suber type 


Cistus albldus type 


Quercus undiff. 


Cistus ladanifer/populifollus fypes 

Tall shrubs/ small trees 

Arbutus unedo 


Cistus monspetiensis type 


Corylus 


Halimium hatimifotium type 


Juniperus 


Halimium/Tuberaria 


Myrtus 


Helianthemum croceum type 


Olea 


Helianthemum salicifolium type 


Phillyrea 


Ericaceae undiff. 


PIstacia 


Erica arborea type 


Quercus coccifera type 


Erica australis type 


Viburnum tinus 


Erica scoparia type 

Shrubs 

Hedera helix 


Erica umbellata type 


Rhamnus 


Rhododendron ponticum 


Chamaerops 


Calluna vulgaris 


Rhus 


Ephedra distachya type 


Daphne 


Ephedra fragilis type 


Table 7.2. Classification of tree and shrub taxa for the purposes of summary diagrams. 


category, taking on a tree-like stature as part of woodland understorey but also occurring as 
shrubs. Although a great emphasis is not placed on the interpretive value of the summary 
diagrams, distinctive behaviour of the separate categories is noted at the three sites. 

7.1.5 Pollen zonation 

To aid description of the pollen diagrams, clusters of similar pollen spectra are grouped 
together into site-specific pollen assemblage biozones. These zones, based purely on the 
pollen data and defined without reference to timescale or sediment stratigraphy, are 
considered biostratigraphical units, and are referred to here as biozones. Biozones are labelled 
with the core prefix (CM5-, P2-, P5-) and numbered in Roman numerals from the base 
upwards. 
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Figure 7.1. The placement of pollen assemblage biozone (P.A.B.) boundaries based on CONISS cluster analysis. 
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The construction of biozones was aided by stratigraphically constrained incremental sum- 
of-squares cluster analysis, or CONISS (Grimm, 1987), implemented in the software program 
Psimpoll (Bennett, 1994; version 4.10). Zonation was conducted on percentage values for 
all taxa based on the total sum of pollen and spores. (Experimentation with separate zonation 
of the dry ground and wetland data showed that most zone boundaries fell at or near the 
same depths for both data sets, and that a separate zonation scheme would create a confusing 
and redundant set of zone labels.) Only taxa occurring at values >5 % were included, with 
percentage values recalculated as proportions of the new sum. The included taxa are shown 
in Table 7.3. Cluster analysis was performed based on Edwards and Cavalli-Sforza’s chord 
distance and square-root transformation of the data. Experimentation with setting a lower 
percentage value for inclusion of taxa (3%) resulted in no significant changes in the main 
clusters. Experimentation with transformations suggested that without upweighting of the 
less abundant taxa by square-root transform some clusters reflected only one or two dominant 
taxa. The results of CONISS clustering are shown in Eigure 7.1. In general, zone boundaries 
correspond to the midpoints between clusters identified as statistically significant by the 
broken-stick method (described in Bennett, 1996), and sub-zone boundaries correspond to 
clusters observed in the CONISS output which may not be statistically significant. This 
rule has not been followed absolutely strictly; the final placement of zone and sub-zone 
boundaries was decided in light of the nature and possible ecological significance of changes 
in the pollen record, and also by the aim to avoid zones with only one or two samples. In 
the P2 and P5 cores, this last aim could not be fulfilled due to intermittent pollen preservation; 
the need for further sampling in some core sections is stressed in the description of the 
results. 

7.2 Description of the pollen results 

The following section presents a zone by zone description of the pollen results to accompany 
the pollen percentage diagrams and concentration summaries (Eigures 7.2 to 7.9, located at 
the end of the chapter). Percentage values mentioned in the description of pollen frequencies 
refer to the open curves on the diagrams (percentages of the partial sums of dry ground/ 
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Taxon 

Pinus'’^-^ 

Quercus suber type^ 

Quercus deciduous type^'^ 

Quercus undiff. 

Quercus coccifera type^'^'^ 

Myrtus'''^ 

Cistus iadanifer/popuiifoiius types^ 

Ericaceae undiffJ'^ 

Caiiuna^ 

Piantago coronopus type^ 

Asteraceae (Lactucae)^'^'^ 

Artemisia'' 

Aster type'' 

Poaceae^'^'^ 

Ainus^'^ 

Cyperaceae^’^’^ 

Isoetes undiff.2’^ 

Isoetes histrix type^ 

Qphiogiossum iusitanicum'' 

' CMS Guadiana, ^ P2 Arade, ^ PS Boina 

Table 7.3. Taxa occurring at >5% of total pollen and spores and included in CONISS. 


wetland taxa). Where necessary, specific attention is drawn to the percentages of the total 
sum. 

7.2.1 CMS Guadiana 

The pollen contained within the CM5 core is characterised by variable preservation states. 
In general, the condition of pollen and spores at the base of the core, (corresponding to 
sediment zone CM5s-2) and in the upper part (corresponding to sediment zones CM5s-5/6) 
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Depth (cm) 

Taxon 

160 

Frankenia laevis type 

210 

Ilex aquifolium 

320 

Herniaria type 

320 

Valerianella 

590 

Gynandriris sisyrinchium 

660 

Jasione montana type 

700 

Sambucus ebulus 

1305 

Rhus 

1565 

Scrophularia type 

2100 

Corylus 

2240 

Teucrium 

4706 

Convolulus 

4745 

Viburnum tinus 

4762 

Halim ium/Tuberaria 


Table 7.4. Taxa occurring in only one sample, CMS. 


is good. However, in the middle part (corresponding to CM5s-3 and CM5s-4), the condition 
of pollen is much poorer. This contrast is reflected in less diverse pollen spectra for the 
middle section. Also, in some layers, the combination of low concentration and poor 
preservation meant that counts reaching the desired sum of200 dry ground pollen were not 
possible. 

The pollen diagrams (Figure 7.3 percentage data. Figure 7.4 concentration data) shows the 
results of analysis of 54 samples. Taxa occurring in only one sample are not shown in the 
diagram and are listed in Table 7.4 

Five biozones and 9 sub-zones are distinguished in the CMS pollen record: 
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CM5-I: 4865-4073 cm (13000-11860 cal BP) 

In terms of the dry ground taxa, CM5-I is charaeterised by generally high values for Pinus 
(>25 %) and fluctuating frequencies of Quercus pollen types. Moderate to high values for 
Sum Cistaceae (chiefly pollen of Cistus ladanifer/populifolius types, Helianthemum croceum 
type, and Cistaceae undiff), and low values for Sum Ericaceae are recorded. The biozone 
is characterised by elevated values fovJuniperus pollen (~5 %), and the presence of Ephedra 
distachya and Centaurea nigra types. Among the wetland taxa, Artemisia, Chenopodiaceae, 
Aster type and Poaceae are dominant. 

On the basis of changes in both the dry ground and wetland taxa, three subzones are defined; 

-CM5-la: 4865-4754 cm (13000-12840 cal BP) 

CM5-Ia is characterised by high frequencies of Pinus pollen between 30 and 40 %, and 
high frequencies for Sum Quercus (up to 40 %), reflecting high values for Quercus deciduous 
type and Quercus undiff. Quercus coccifera type is recorded in moderate to high frequencies, 
reaching local peak values of nearly 15 %. 

In terms of the wetland taxa, CM5-Ia is characterised by high frequencies of Aster type 
(>10 %) and low frequencies of Isoetes undiff. Rising curves for Artemisia and 
Chenopodiaceae are noted, while frequencies of Apiaceae undiff, Asteraceae (Lactucae), 
and Cyperaceae pollen decline across the sub-zone. Frequencies of Poaceae are high (>20 
%). 


Dinoflagellates are rare, with low frequencies of Spiniferites sp. 

-CM5-ib: 4754-4553 cm (12840-12550 cal BP) 

CM5-Ib displays peak values for Pinus reaching between 50 and 60 %. Values for Sum 
Quercus are sharply reduced relative to CM5-Ia, with frequencies falling below 20 %. 
Quercus coccifera type shows a similar decline, with values falling below 5 %. Associated 
with decreased values for Quercus are elevated values for Juniperus, Caryophyllaceae 
undiff and Plantago lanceolata type. An occurrence of Olea is noted. In the wetland group. 
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peaks in Artemisia and Chenopodiaceae pollen are recorded, accompanied by high 
frequencies of Aster type. Frequencies of Poaceae pollen decrease across the sub-zone. 
Spores of Isoetes undiflf. are rare. CM5-Ib is also marked by a peak in dinoflagellate content, 
reflecting core high values for Spiniferites sp. 

-CM5-lc: 4553-4073 cm (12550-11860 cal BP) 

This sub-zone is characterised by rather poor pollen preservation, reflected in very high 
frequencies of indeterminate grains (~40 %). In terms of the dry ground taxa, CM5-Ic is 
characterised by fluctuating frequencies of Pinus, with moderate to high values (-25^5 
%). Sum Quercus increases from low values in CM5-Ib to intermediate values (~20-30 
%). Quercus coccifera also regains moderate to high values. In terms of wetland taxa, 
CM5-Ic is distinguished by high frequencies oiArtemisia and Chenopodiaceae pollen (>25 
%). Recorded in this biozone are peak abundances for Spergula type (~5%), Aster type 
(~20 %) and Armeria/Limonium (~4 %). Low frequencies for Cyperaceae (generally <10 
%) are recorded. Rising curves for Asteraceae (Lactucae) and Isoetes undiff. are noted, 
while frequencies of Poaceae pollen decrease. Intermediate values for dinoflagellates, 
comprising chiefly Spiniferites sp., are recorded. 

Significant changes in pollen concentration values are observed across the sub-zones of 
CM5-I. In CM5-Ia, pollen concentration for dry ground taxa is at peak levels >40x10^ 
grains-cm'k Concentration of wetland pollen and spores is also high >30x10^ grains-cm'k 
In CM5-Ib, pollen concentrations for both dry ground and wetland types are slightly reduced. 
In the dry ground taxa, this reduction reflects in part a significant decrease in concentration 
values for the Quercus pollen types. In contrast, pollen concentration for Pinus and for 
Sum Cistaceae are comparable with the CM5-Ia. In sub-zone CM5-Ic pollen concentration 
is greatly reduced for all taxa, with concentrations of dry ground taxa less than 5 xlQ^ 
grains’cm'^ and wetland taxa less than 6x10^ grains-cm'k 

CM5-II: 4073-2643 cm (11860-9800 cal BP) 

CM5-II is characterised by poor pollen preservation, and a strong disparity between the 
abundance of dry ground and wetland taxa. Overall, the total pollen and spore assemblage 
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is dominated by a small number of abundant types (Asteraceae (Lactucae), Cyperaeeae, 
and Ophioglossum lusitanicum) and eharaeterised by elevated values for Isoetes undiff. 
Dry ground pollen types represent a minor proportion of the pollen and spore assemblage, 
as illustrated by the depressed values relative to the total sum. As in CM5-Io, the partial 
sum of dry ground taxa is low, so that percentage values for dry ground taxa with respect to 
this sum are not robust. However, these values provide an indication of the composition of 
dry ground group, which is considered below. 

The dry ground group in CM5-II is characterised by moderate to high frequencies of Pinus 
pollen (generally >30 %). Values for Sum Quercus are moderate, (20 - 30 %), and moderate 
to high for Quercus coccifera (~10 %). The biozone is characterised by high values for 
Sum Cistaceae (reflecting chiefly Cistus monspeliensis type and Cistaceae undiff.) and 
increased values for Sum Ericaceae. Pollen preservation in both Cistaceae and Ericaceae is 
poor in this biozone, with a relatively large proportion occurring in the undifferentiated 
categories. Relative high frequencies are also noted among some of the minor taxa, notably 
Coronilla type, Lamiaceae, and open ground herbaceous taxa Caryophyllaceae undiff, 
Centaurea, Erodium and Serratula type. Juniperus declines in importance in this zone. At 
the top of the biozone, the continuous curve for Phillyrea begins. 

The wetland group is dominated by peak frequencies of Asteraceae (Lactic.) pollen (up to 
60 %). High frequencies of Isoetes undiff. are recorded, accompanied by increased 
frequencies Ophioglossum lusitanicum spores (~10 %) and modest peak values (~1 %) for 
spores of Pilularia globulifera. Lowest core frequencies of Artemisia, Chenopodiaceae, 
Aster type and Poaceae are recorded. Erequencies of Cyperaeeae pollen decline from a 
peak at the base of the biozone but maintain moderate values (~10 %). Spores of Isoetes 
undiff. are abundant. Erequencies of rebedded trilete sporomorphs are high, and increase 
across the biozone 
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Moderate frequeneies of dinoflagellates are recorded in this biozone, and the green algae 
Spirogyra and Zygnemataceae are well represented. 

A major disparity between the concentration of dry ground and wetland taxa is recorded. 
The zone is characterised by very low pollen concentration for dry ground taxa (generally 
<2x10^ grains-cm'^). Concentration of wetland pollen and spores (excluding Isoetes undiflf.) 
is moderate (~ 20 xlO^ grains-cm'^). 

CM5-III: 2643-2060 cm (9800-8960 cal BP) 

CM5-III displays high values for Pinus (>40%), moderate values for Sum Quercus (~25 - 
30 %) and moderate to high values for Quercus coccifera type (~10 %). The biozone is 
characterised by the start of the continuous curve for Olea and the first significant occurrence 
of Pistacia. Low values are recorded for Sum Cistaceae and Sum Ericaceae. High values 
are noted for Serratula type. 

In terms of wetland taxa, CM5-III is similar to CM5-II, with high frequencies of Asteraceae 
(Lactucae), Cyperaceae, Isoetes undiflf., Ophioglossum lusitanicum and rebedded trilete 
spores. Frequencies of Asteraceae (Lactucae) display a slight decline in frequencies to ~40 
%. Spores of Isoetes undiff. reach peak frequencies, representing more than 6 times the 
contribution of all other pollen and spores. . Frequencies of pollen of Chenopodiaceae, 
Aster type and Poaceae are slightly increased relative to the underlying biozone. 

Very low frequencies of dinoflagellates are recorded in this biozone. Increased frequencies 
of Pediastrum are recorded. 

A disparity between the concentration of dry ground and wetland taxa is recorded in this 
biozone, although it is not as marked as in CMS-II. Values for pollen concentration for dry 
ground taxa are moderate (~10 grains-cm'^). Concentration of wetland pollen and 
spores (excluding Isoetes undiflf.) is high (up to 40 xlO^ grains-cm'^). 
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CM5-IV: 2060-633 cm (8960-5200 cal BP) 

CM5-IV Shows an increased diversity of recorded types aeross the range of ecological 
groups in both the dry ground and wetland groups. 

CM5-IV is eharacterised by high values for Sum Quercus (>30 %), refleeting increased 
frequeneies of Quercus suber type as well as Quercus deciduous type and Quercus undiff. 
The abundance of Pinus with respect to other dry ground taxa declines to moderate values 
(~20 - 30 %).Values for Q. coccifera type are moderate to high (~10 %). Olea, Phillyrea 
and Pistacia are well represented in this biozone. Low values for Sum Cistaceae, and low 
to moderate values for Sum Ericaceae are recorded. Frequencies of Plantago coronopus 
type and Rumex acetosella type are increased relative to the preceding biozones. 

For the wetland taxa, CM5-IV is characterised by high frequencies of Aster type (~10 %), 
Poaceae (~20 %) and Cyperaeeae (up to 20 %). Frequencies of Isoetes undiff. are high, but 
show a decrease relative to the previous biozone, and values for Ophioglossum lusitanicum 
are low. Frequencies of Asteraceae (Factueae) pollen (~20 %) are reduced from CM5-III. 
Fluctuating curves for Artemisia and Chenopodiaceae are observed. Apiaeeae undiff, 
Brassicaceae and Ranunculus type show increased values relative to the previous zone. 
Riparian taxa are well represented in this biozone, with increased frequencies of Alnus, 
Fraxinus and Salix pollen, accompanied by frequent occurrences of Lythrum salicaria type 
and Osmunda regalis spores. Aquatie types are fairly well represented in this zone, with 
the eommon oeeurrence at low frequencies of Typha/Sparganium, Myriophyllum types, 
Nymphaea and Potamogeton. 

Among non-pollen micro-fossils, increased frequencies of dinoflagellates are noted in the 
lower part of the biozone, resulting from peaks in the abundance of Lingulodinium 
machaerophorum. Increased frequencies for Lingulodinium machaerophorum are 
accompanied by a modest increase in diversity of dinoflagellate types. Pediastrum eolonies 
are abundant in this biozone. 
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Three subzones are defined for this biozone: 

-CM5-IVa: 2060-1225cm (8960-7760 cal BP) 

CM5-IVa is characterised by high frequencies of Sum Quercus, including peak values for 
Quercus deciduous type. Peak values for Olea, Phillyrea and Pistacia are observed. Low 
frequencies of Cistaceae and Ericaceae pollen are recorded. In the wetland group, CM5- 
IVa is characterised by low frequencies of Chenopodiaceae pollen, and a good representation 
of freshwater aquatic types including Typha/Sparganium and Nymphaea. 

-CM5-lVb: 1225-943cm (7760-7350 cal BP) 

CM5-IVb is characterised by a decline in frequencies of Sum Quercus (from around 40 to 
30 %), and a slight decline in Pinus. In this subzone, the first significant occurrence of 
Myrtus is observed. An increased representation of Sum Cistaceae is noted, reflecting 
increased frequencies of Cistus ladanifer/populifolius types and Cistus monspeliensis type. 
Sum Ericaceae also displays increased frequencies, with increases in Erica arborea type 
and Erica umbellata type, and the first appearance of Erica scoparia type. The subzone 
also displays increased values for both E/antogo coronopus and Plantago lanceolata types. 
Among the wetland taxa, a distinct peak in Chenopodiaceae (20 %) is recorded in this sub¬ 
zone, accompanied by a minor peak in Artemisia. These increases correspond with a reduced 
representation of freshwater aquatics. 

-CM5-iVc: 943-633 cm (7350-5200 cal BP) 

CM5-IVc is similar to CM5-IVa, with high frequencies of Sum Quercus pollen, the absence 
of Myrtus, and low values for Sum Cistaceae and Ericaceae. High frequencies of Pinus 
pollen (~30 %) are also recorded. Frequencies of Plantago coronopus type are reduced and 
Plantago lanceolata type is absent. In the wetland group, frequencies of Chenopodiaceae 
are reduced, and freshwater aquatics are more abundant, with occurrences of Typha/ 
Sparganium, Alisma and Nuphar. This sub-zone also records an input of Isoetes histrix 
spores. 


173 



Chapter 7 - Pollen Analysis Results 


The concentration of dry ground taxa in CMS-IV is increased relative to CMS-III to moderate 
to high values (IS - 25 xlO^ grains-cm'^). Concentration for wetland taxa is similar to 
CMS-III, with high pollen and spore concentration (2S - 40 xlO^ grains-cm'^, excluding 
Isoetes undiff). 

CM5-V: 633-160 cm (5200-1430 cal BP) 

The transition to biozone CMS-V is marked by sharp declines in Pinus and Sum Quercus. 
The biozone is characterised by reduced frequencies of Pinus (<10 %) and Sum Quercus 
(<20 %) pollen, and high frequencies for pollen of Quercus coccifera type and Myrtus. 
High values are recorded for Sum Cistaceae and Sum Ericaceae (reflecting Erica arborea 
type, Erica umbellata type and Calluna vulgaris). Across the biozone, increased frequencies 
of Plantago coronopus and Plantago lanceolata are recorded. The biozone is also 
characterised by the presence of Anthemis and Galium type. CMS-V contains the first 
appearance of Castanea. 

Among the wetland taxa, CMS-V is distinguished by high, fluctuating values for 
Chenopodiaceae (~10 - 40 %), and high frequencies of Poaceae pollen (up to 2S %). 
Artemisia axvA Aster type are well represented. Frequencies oiIsoetes undiff. decline across 
the biozone. Low values for Cyperaceae (~10 %) and Ophioglossum lusitanicum are 
recorded. Riparian taxa (Alnus, Fraxinus, Salix) decline in importance towards the top of 
the biozone, while frequencies of Tamarix increases slightly. The biozone contains a peak 
in the curve for the dinofiagellate type Lingulodinium machaerophorum. Values for 
Pediastrum decline across the biozone. Rebedded trilete sporomorphs occur in reduced 
frequencies. 

Based on a series of declines in Pinus and Quercus types and accompanying changes in 
other taxa, three subzones are defined; 

-CM5-Va: 633-500cm (5200-4140 cal BP) 

Subzone CM5-Va is distinguished by the highest recorded frequencies of Quercus coccifera 
type (-15-20 %). These elevated values contrast with an overall reduction in other Quercus 
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types, with frequencies for Sum Quercus decreasing from around 30 to 15 % over the 
course of the subzone. Rising curves for Myrtus, Sum Cistaceae and Sum Ericaceae are 
observed. 

-CM5-Vb: 500-290 cm (4140-2490 cal BP) 

Peak values for Sum Cistaceae are attained in this subzone, reflecting elevated frequencies 
of the shrub taxa Cistus ladanifer/populifolius types, Cistus monspeliensis type, Halimium 
halimifolium type, and herbaceous Tuberaria guttata type. Peak values iovMyrtus are also 
recorded. 

-CM5-Vc: 290-160 cm (2490-1430 cal BP) 

The transition to subzone CM5-Vc is marked by a decline in Pinus frequencies from around 
5 to 2 %. Core low values are recorded for Sum Quercus, and reduced values for Quercus 
coccifera type, Olea and Phillyrea. Sum Ericaceae reaches peak values, with peak values 
for Erica arborea and Erica umbellata types. Peak frequencies of C. monspeliensis type 
occur, although values for Sum Cistaceae are slightly reduced overall from the preceding 
subzone. Peak values for Plantago coronopus and Plantago lanceolata types and Rumex 
acetosella type are observed. 

Pollen and spore concentration for dry land taxa reaches peak values 
(20 -40 xlO^ grains’cm'^), reflecting increases in the concentration of Q. coccifera type, 
Myrtus, Cistaceae and Ericaceae pollen. Concentration of Pinus pollen is greatly reduced 
from CM5-1V, while Sum Quercus (excl. coccifera type) is slightly reduced. Pollen and 
spore concentration for wetland taxa (excluding Isoetes undiff.) is high overall (30 ^0 
xlO^ grains’cm'Q, with peak values (>60 xlO^ grains-cm'Q towards the top of the zone, 
reflecting increased concentration of Asteraceae (Lactucae) and Poaceae pollen. 

Pinus grain measurements 

Measurements of the equatorial diameter of Pinus pollen grains were made during the 
pollen counts. Measurements were taken at the widest point of the grain body, excluding 
the sacci. Measurements were only taken on grains that were not crumpled or broken and 
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where the sacei were not folded in sueh a way as to eoneeal the grain body. A total of 1312 
measurements were obtained out of 2802 eounted grains of Pinus. Measured diameters 
range between 25 and 85 |l m. As illustrated in Figure 7.5a, some changes are observed in 
the distribution of grain sizes between biozones. In the lower part of the core (CM5-I/II/ 
III), a roughly bimodal distribution is displayed, suggesting more than one source population. 

A mode around 40 |l m is well developed in CM5-I and is the primary mode in CM5-II. In 
the upper part of the core (CM5-IVA^), the distribution tends more towards a unimodal 
shape, with the mode around 55 |l m. The mode around 40 |l m is diminished, with decreased 
frequencies of the smallest grain sizes. 

Previous morphometric research on pollen grains from Iberian pine species (Roure, 1985 
(cited in Carrion et al., 2000); Queiroz, 1999) has demonstrated that of the four pines 
occurring in the modern Portuguese flora {P. pinaster, P pinea, P. halepensis and P. 
sylvestris), P sylvestris is distinguished by its overall small size. The remaining three species 
are characterised by larger grains within an overlapping size distribution, although the 
largest grains pertain to P. pinaster. These studies use a measurement of total grain diameter 
(including sacei), which is not useful for fossil grains due to the frequent collapse or 
crumpling of the sacei. Therefore, the sizes are not directly comparable to those obtained 
here. If, based on observation, it is assumed that the total diameter is about 20% greater 
than the grain body diameter, the modes observed in the CM5 dataset at 40 and 55 |l m 
would correspond to total grain diameters of 48 and 66 |l m. These figures correspond with 
the modes observed by Queiroz (1999) in modern samples (Figure 7.5b). The best 
explanation for the patterns observed in the CM5 data is that the Pinus pollen represents 
more than one species, and that a population of small sized grains within the data set is 
derived from P. sylvestris. This population is more strongly represented in the lower part of 
the record, and declines in the upper part. This trend is of ecological interest because P. 
sylvestris is a tree of montane forest habitats at altitudes above 500m (and not occurring in 
the modern flora of southern Portugal), while P. pinea and P. halepensis are lowland pines 
typical of the thermomediterranean coastal zone (Barbero et al, 1998). P. pinaster is a 
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tolerant species, and occurs across a wide altitudinal and thermic range (Carrion et al, 

2000 ). 

7.2.2 P2Arade 

The P2 core is characterised by good pollen preservation in the central section of the core 
corresponding to sediment zone P2s-3, and the virtual absence of palynomorphs in the 
underlying and overlying sections corresponding to sediment zones P2s-2 and P2s-4. Two 
samples were recovered from a silty layer contained within sediment zone P2s-4a. Further 
investigation of these upper core sections may in the future yield further sections with 
pollen preservation; however, overall, the sandy layers of P2s-4 are not suitable for pollen 
analysis. 

The pollen diagram (Figure 7.6 percentage data. Figure 7.7 concentration data) shows the 
results obtained from the analysis of 14 samples. All recorded taxa are plotted. Two sediment 
zones and two subzones are defined; 

P2-I: 1722-1024 cm (8310-7690 cal BP) 

P2-I is characterised by high frequencies of Sum Quercus (>30 %), and decreasing 
frequencies of Pinus pollen. Quercus coccifera type, Olea, Phillyrea and Pistacia are well 
represented. These taxa are accompanied by a moderate presence of Sum Cistaceae, reflecting 
mainly Cistus ladanifer! populifolius types, and Sum Ericaceae, reflecting chiefly Erica 
arborea and Erica australis types. 

The wetland taxa are characterised by a strong representation of Asteraceae (Lactucae) 
(~10 %), Chenopodiaceae (5 - 10 %), Poaceae (~10 %) and Aoeto undiflf. (~25 %). Riparian 
tree taxa are well represented with high frequencies ofAlnus (10-20%) and an important 
presence of Fraxinus (~5%). Frequencies of the dinoflagellate Lingulodinium 
machaerophorum are high toward the base of the biozone, and decrease in the upper part. 
Spiniferites sp. displays a reverse trend, with higher values towards the top of the biozone. 
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Pollen concentrations are high, both for dry ground taxa (~15 - 25 xlO^ grains-cm'^) and 
wetland taxa (~20 - 35 x 10^ grains•cm'^). 

Two subzones are distinguished on the basis of the curves for Pinus and Ericaceae pollen 
types: 

-P2-/a; 1722-1498 cm (8310-8270 ca! BP) 

The lower subzone is characterised on the basis of high frequencies of Pinus pollen (>30 
%), and low frequencies of all Ericaceae pollen types. 

-P2-lb: 1498-1024 cm (8270-7690 cal BP) 

P2-Ib displays reduced frequencies of Pinus pollen, declining across the subzone from 
around 25 to 20 %. Values for Sum Ericaceae are increased, reflecting increased frequencies 
oiErica arborea andE. australis types. Values for Quercus deciduous are slightly increased. 

P2-X (barren): 1024-562 cm 

No pollen was recovered from samples in this section of the core. 

P2-II: 562-546 cm (5220-5070 ca! BP) 

The two uppermost samples from the P2 core present a marked contrast with the samples 
from biozone P2-I, and an upper biozone is tentatively proposed on this basis. The samples 
display greatly reduced values for Pinus (~5 %) and reduced values for Sum Quercus 
(chiefly reflecting decreased values for Quercus deciduous type) with frequencies less than 
20 %. Erequencies of Olea, Phillyrea axi&Pistacia pollen are slightly reduced. The samples 
are also distinguished by the presence of Myrtus, high frequencies of Sum Cistaceae, 
including an occurrence of Tuberaria guttata, and by a major increase in Sum Ericaceae 
with notable high values for Calluna vulgaris. 

The overall composition of the wetland pollen assemblage from P2-II is more similar to 
P2-I. Frequencies for the majority of wetland taxa fall within the range of values observed 
in the underlying zone. Increases m Artemisia and Armeria/Limonium are noted. Increased 
frequencies of indeterminate grains are also recorded. Dinoflagellates are recorded in low 
frequencies. 
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Pollen concentration in these samples is low, both for dry ground taxa (~3 x 10^ grains-cm'^) 
and for wetland taxa (<3 xlO^ grains-cm'^). 

7.2.3 PSBoina 

The P5 core is characterised by variable pollen preservation, with several hiatuses in the 
pollen record corresponding to sandy/gravelly sediments in sediment zones P5s-2b, P5s-2d 
and P5s-4. This means that the pollen record is not continuous, but represents different 
sedimentation phases at the site. Breaks in the pollen curves are intended to show this 
discontinuity. However, the zonation of the pollen data, in line with the other sites, has 
been undertaken with respect to the composition of recovered samples and without respect 
to sediment stratigraphy. A hiatus is marked in the pollen assemblage biozone stratigraphy 
between P5-Ib and P5-Ic, because the length of elapsed time represented by this hiatus is 
much greater than either of the lower breaks. However, as described in Chapter 5, the age- 
model is poorly constrained for the upper part of sediment zone P5s-3, corresponding here 
to P5-Ic. A single sample was recovered from a silty lens within sediment zone P5s-4, and 
a sub-zone in the pollen stratigraphy (P5-Ic) is tentatively defined on the basis of this 
single sample. However, further research must be undertaken to confirm the reliability of 
this pollen spectrum. 


Depth (cm) 

Taxon 

160 

Frankenia laevis type 

210 

Ilex aquifolium 

320 

Herniaria type 

320 

Valerianella 

590 

Gynandrihs sisyrinchium 

660 

Jasione montana type 

700 

Sambucus ebulus 

1305 

Rhus 

1565 

Scrophularia type 

2100 

Corylus 

2240 

Teucrium 

4706 

Convolulus 

4745 

Viburnum tinus 

4762 

Halimium/Tuberaria 


Table 7.5. Taxa occurring in only one sample, P5. 
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The pollen diagram (Figure 7.8 percentage data, Figure 7.9 concentration data) shows the 
results of analysis of 21 samples. Taxa occurring in only one sample are not plotted, but are 
listed in Table (7.5). 

Two biozones and three sub-zones are defined; 

P5-I: 1570-1257 cm (8210-8030 cal BP) 

P5-I is characterised by high frequencies of Pinus pollen (~30 %). Well represented pollen 
types include Quercus (excl. coccifera type). (-30%), Quercus coccifera type (-15 %), 
Olea, Phillyrea and Pistacia. Low frequencies of Sum Cistaceae and Sum Ericaceae are 
recorded. P5-I is distinguished by high values for Alnus (-20 %) accompanied by relatively 
high frequencies of Fraxinus and the occurrence of Ulmus pollen. Relatively low values for 
the well represented Isoetes undiflf. (-20 - 30 %) are recorded. Other taxa well represented 
in the biozone include Asteraceae (Lactucae) (-15%), Chenopodiaceae (-10 %), Poaceae 
(-10 %) and Cyperaceae (up to 5 %). Apeak in abundance of Apiaceae undiflf. is observed 
at the base of the biozone. High frequencies (up to 20%) of indeterminate grains are recorded. 
Dinoflagellates are recorded at frequencies around 5 - 10 %. Minor peak values for 
Lingulodinium machaerophorum occur in this biozone. 

Pollen concentration for dry ground taxa is moderate (-20 xlO^ grains-cm'^), and moderate 
for wetland taxa (-30 x 10^ grains-cm'^). A strong peak in pollen concentration values occurs 
in one sample, affecting all taxa, with dry ground pollen concentration in excess of 50x10^ 
grains’cm'^, and wetland pollen and spore concentration reaching 85 x 10^ grains-cm'k 

P5-II: 1257-505 cm (8030-3740 cal BP) 

This zone is characterised overall by reduced values for Pinus and Alnus. Three sub-zones 
and a significant hiatus in pollen preservation are recorded; 

-P5-lla: 1257-870 cm (8030-7550 cal BP) 

P5-IIa is characterised by reduced frequencies of Pinus pollen (-15 %). Frequencies of 
Quercus (excl. coccifera type) are high, accompanied by high values for Quercus coccifera 
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type (~15%). Olea, Phillyrea and Pistacia are also well-represented, with the curves for 
Phillyrea and Pistacia showing a close affinity. A small decline in Quercus near the top of 
P5-IIa corresponds with slight increases in Quercus coccifera type, Phillyrea and Pistacia. 
Low frequencies of Sum Cistaceae and Sum Ericaceae are recorded. P5-IIa is characterised 
by relatively high frequencies of Chenopodiaceae and Poaceae, with rising curves and 
peak values at the top of the subzone (>10 % for Chenopodiaceae and >15 % for Poaceae). 
Frequencies oiAlnus decline across the sub-zone. Values for Isoetes undiflf. are intermediate 
(~30 %). Dinoflagellate frequencies are stable around 7 %, reflecting chiefly Spiniferites 
sp . 

Pollen concentration for dry ground taxa is moderate (10-25 xlO^ grains-cm'^). 
Concentration values are strongly reduced for Pinus are reduced from P5-I, while other 
taxa show only slight reductions. Pollen and spore concentration for wetland taxa is moderate 
to high (-20 -40 xlO^ grains-cm'^). 

-P5-llb: 870-656 cm (7550-7210 cal BP) 

In P5-IIb, frequencies of Pinus display a further slight reduction. Values for Q. coccifera 
type decline to less than 10%, accompanied by a slight decline 'm Phillyrea. Small increases 
in Sum Cistaceae, reflecting Cistus ladanifer/populifolius types and C. monspeliensis type 
are recorded. Increased frequencies of Sum Ericaceae are also recorded, reflecting primarily 
Erica arborea andE. australis types. Rumex acetosella type and Plantago coronopus show 
slight increases relative to P5-IIa. Reduced frequencies of Chenopodiaceae (~5 %) and 
Poaceae (~8 %) pollen are recorded. Frequencies of Isoetes undiff. reach peak levels (-50 
%). Increased frequencies of dinoflagellates are observed, reflecting peaks in the abundance 
of Spiniferites sp.. 

Pollen concentration for dry ground taxa is moderate (10-25 x 10^ grains-cm'^). 

Pollen and spore concentration for wetland taxa is high (-25 - 60 xlO^ grains-cm'^). 
Concentration values for most wetland taxa (Chenopodiaceae, Poaceae, Alnus) are actually 
rather stable, with increases in concentration reflecting greater abundances of Isoetes undiff. 
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-P5-X (barren): 656-505 cm (7210-3740 cal BP) 

No pollen was recovered from this section of the core. 

-P5-llc: 505 cm (3740 cal BP) 

The uppermost sample is marked by greatly reduced frequencies of Pinus, Quercus (excl. 
coccifera type), Olea and Phillyrea pollen and peak values for a range of shrub and herb 
pollen types including Myrtus, Erica arborea and australis types, Cistus monspeliensis 
type., Tuberaria guttata type, Plantago lanceolata type and Rumex acetosella type. These 
types, although generally present in biozones P5-I and P5-II (either in low frequencies or 
sporadic occurrences), occur in combination and at increased frequencies, setting this sample 
(depth 505cm) strongly apart from the rest of the sequence. In terms of the wetland taxa, 
frequencies of Chenopodiaceae and Poaceae are increased, and frequencies ofisoetes undiflf. 
are decreased relative to P5-IIb. Dinoflagellates are virtually absent. 


Pollen concentration in this sample is low for both dry ground taxa (6x10^ grains-cm'^) and 
wetland taxa (9 xlO^ grains-cm'^). 


182 



Chapter 7 - Pollen Analysis Results 



183 


Figure 7.2. Summary pollen percentage diagram, CMS. 

















































































































































































































































































CMS Guadiana Pollen percentage diagram, page 1/5 (dry ground taxa) 
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CMS Guadiana Pollen percentage diagram, page 2/5 (dry ground taxa) 
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Solid curve, I = Total pollen and spores, exci, isoetes 1) Dry ground arboreal taxa; 2) Small trees and tall shrubs of woodland understorey, thickets and tall scrub; 

Open curve, s = Partial sum (dry ground/vi/etland taxa) 3 ^ Shrub taxa of scrub, moor and heath; 3a) Cistaceae; 3b) Ericaceous shrubs; 4) Coniferous shrubs; 

+ indicates lovi/values (<l%) 5) Dry ground herbaceous taxa. 

'Taxon also included in preceding summary taxon 

I Shaded section indicates low counts for dry ground taxa \ 































































































































































































































































































CMS Guadiana Pollen percentage diagram, page 3/5 (wetland taxa) 
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Solid curve, s = Total pollen and spores, exci, /soefes 6) Taxa of ambiguous ecological significance, possibly representing wetland species; 7) Shrubs and herbaceous plants of 

Open curve, s = Partial sum (dry ground/wetland taxa) saltmarsh environments; 8) Herbaceous plants of damp ground or shallow aquatic environments; 9) Aquatics; 10) Riparian 

+ indicates low values (<i%) trees, shrubsand herbaceous plants; 11 )Taxa of seasonally flooded ground; 12) Pteridophytes of various habitats. 

*Taxon also included in preceding summary taxon 











































































































































































































































CMS Guadiana Pollen percentage diagram, page 4/5 (wetland taxa) 
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Solid curve, s = Total pollen and spores, exci, isoetes 6) Taxa of ambiguous ecological significance, possibly representing wetland species; 7) Shrubs and herbaceous plants of 

Open curve, E = Partial sum (dry ground/wetland taxa) saltmarsh environments; 8) Herbaceous plants of damp ground or shallow aquatic environments; 9) Aquatics; 10) Riparian 

+ indicates low values (<i%) trees, shrubsand herbaceous plants; 11 )Taxa of seasonally flooded ground; 12) Pteridophytes of various habitats. 

*Taxon also included in preceding summary taxon 









































































































































































































CMS Guadiana Pollen percentage diagram, page 5/5 (non-pollen microfossils) 
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Solid curve, E = Total pollen and spores, excl. Isoetes -| 3 ) Dinoflagellates; 14) Algal remains. 

+ individual sum 
+ indicates low values (<1%) 

’Taxon also included in preceding summary taxon 
































































































CMS Guadiana Pollen Concentration 
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Figure 7.4. Concentration diagram, CMS, select taxa. 
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Pinus grain body diameter (microns) 
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Figure 7.5. Pinus morphometric analysis. 

a. Distribution of Pinus grain body diameter measurements by biozone (core CMS). 

b. Frequency curves of total grain diameter for Portuguese Pinus species (from Queiroz, 
1999). 
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P2 Arade Pollen percentage diagram, page 1/4 (dry ground taxa) 
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Figure 7.6. Pollen percentage diagram, P2. 




















































































































































































P2 Arade Pollen percentage diagram, page 2/4 (dry ground taxa) 
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Sc^ici curve, z = Total pollen and spores 1) Dry ground arboreal taxa; 2) Small trees and tall shrubs of woodland understorey, thickets and tall scrub; 3) Shrub taxa 

Open curve, z = Partial sum (dry ground/wetland taxa) of scrub, moor and heath; 3a) Cistaceae; 3b) Ericaceous shrubs; 4) Coniferous shrubs; 5) Dry ground herbaceous taxa. 

+ indicates low values (<1%) 

*Taxon also included in preceding summary taxon 



















































































P2 Arade Pollen percentage diagram, page 3/4 (wetland taxa) 
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Solid curve, z = Total pollen and spores, excl. Isoetes 6) Taxa of ambiguous ecological significance, possibly representing wetland species; 7) Shrubs and herbaceous plants of 

Open curve, z = Partial sum (dry ground/wetland taxa) saltmarsh environments; 8) Herbaceous plants of damp ground or shallow aquatic environments; 9) Aquatics; 10) Riparian trees, 

+ indicates low values (<l%) shrubs and herbaceous plants; 11 )Taxa of seasonally flooded ground; 12) Pteridophytes of various habitats. 

*Taxon also included in preceding summary taxon 





























































































































































































P2 Arade Pollen percentage diagram, page 4/4 (non-pollen microfossils) 
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Solid curve, E = Total pollen and spores, exci. Isoetes 13) Dinoflagellates; 14 ) Algal remains. 

+ individual sum 

+ indicates low values (<1%) 

*Taxon also included in preceding summary taxon 





































P2 Arade Pollen concentration, select taxa 
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P5 Boina Pollen percentage diagram, page 1/4 (dry ground taxa) 


Chapter 7 - Pollen Analysis Results 






■» 

% "1^ 

% % 

Si 

'fs 






% w* 

\\ 

%c> 

% 




% 


4- 










x1—, 









" 


+ 


+ 

+ + 







+ + 






+ 

+ + 

+ + 





+ 

+ 




x% 


]ldtL 


~^~-’-|^^1^V- 


^i. 






AA , - 

H 



PTTK^ 

r-CN i - 




-r^/^TT-r^ 

_CCjcJ_L ■ 



o o o o 
o o o o 
o o o o 

■<t in CD h~ 


1 ^ ^ ^ ^ ^ ^ ^ r 


B 2 


CO O 


lo 


O J3 

5 E 


"O LLl 


CO 

CO 


^ CO 

E % 
coij 

^.-5- 

ra ^ 

If 

CO 0 
0 ^ 
O "0 


B 


s i 


1'^ 
|2 D- 

II II 
w ^ 

il 


o if- 

co O + 


196 


Figure 7.8. Pollen percentage diagram, P5. 
































































































































































































P5 Boina Pollen percentage diagram, page 2/4 (dry ground taxa) 
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Solid curve, z = Total pollen and spores 1) Dry ground arboreal taxa; 2) Small trees and tall shrubs of woodland understorey, thickets and tall scrub; 3) Shrub taxa 

Open curve, z = Partial sum (dry ground/wetland taxa) of scrub, moor and heath; 3a) Cistaceae; 3b) Ericaceous shrubs; 4) Coniferous shrubs; 5) Dry ground herbaceous taxa. 

+ indicates low values (<1%) 

*Taxon also Included in preceding summary taxon 














































































P5 Boina Pollen percentage diagram, page 3/4 (wetland taxa) 
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Solid curve, z = Total pollen and spores, excl. Isoetes 6) Taxa of ambiguous ecological significance, possibly representing wetland species; 7) Shrubs and herbaceous plants of 

Open curve, I = Partial sum (dry ground/wetland taxa) saltmarsh environments; 8) Herbaceous plants of damp ground or shallow aquatic environments; 9) Aquatics; 10) Riparian trees, 

+ indicates low values (< 1 %) shrubs and herbaceous plants; 11 )Taxa of seasonally flooded ground; 12) Pteridophytes of various habitats. 

*Taxon also included in preceding summary taxon 









































































































































































































P5 Boina Pollen percentage diagram, page 4/4 (wetland taxa and non-pollen microfossils) 
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Solid curve, z = Total pollen and spores, excl. Isoetes 6 ) Taxa of ambiguous ecological significance, possibly representing wetland species; 7 ) Shrubs and herbaceous plants of 

Open curve, I = Partial sum (dry ground/wetland taxa) saltmarsh environments; 8 ) Herbaceous plants of damp ground or shallow aquatic environments; 9 ) Aquatics; 10) Riparian trees, 

+ indicates low values (<1%) shrubs and herbaceous plants; 11 )Taxa of seasonally flooded ground; 12) Pteridophytes of various habitats; 13) Dinoflagellates; 

*Taxon also included in preceding summary taxon 14)Algal remains. 

































































































P5 Boina Pollen concentration, select taxa 
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Chapter 8 - Discussion poiien data 


8 Discussion: poiien data 

8.1 On the interpretation of poiien percentage data 

8.1.1 Pollen production, dispersal and preservation 

The range of pollen types and the proportions in whieh they oeeur refleet the vegetation 
growing at and around the site from which they are recorded. While this statement provides 
the rationale for pollen analysis, it cannot be accepted without qualification. The extent to 
which the results of pollen analysis, particularly as presented in terms of relative frequencies 
within a pollen sum, provide an accurate reflection of past vegetation cover will be 
conditioned by a range of factors. Some general factors — pollen production, dispersal and 
preservation — which concern all pollen studies are considered first. 

The conditioning factors of differential pollen production and dispersal relate to the field of 
pollination ecology (Faegri & van der Fiji, 1971). These factors alter the representation of 
pollen types reaching a sample location or point of deposition (i.e. in the “pollen rain”) 
relative to the representation of species in the surrounding vegetation. Plants produce widely 
differing quantities of pollen. Pollen production varies greatly between taxa, and is strongly 
influenced by ecological and climatic conditions. A number of northern European examples 
are well-known; for example, oak (Quercus robur) produces more than 5 times as many 
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pollen grains per inflorescence as beech (Fagus sylvatica), and birch (Betula pubescens) 
more than 30 times as many (Erdtman, 1969). In the common oak species of southern 
Iberia, differences in the number of pollen grains produced per stamen were observed, in 
the ratio 1; 3: 3: 6 {Q. coccifera, Q. ilex ssp. ballota, Q.faginea and Q. suber) (G6mez- 
Casero et al, 2004). Differences in pollen production are related, in part, to different 
strategies for reproduction and modes of pollination (Dafini, 1992). On the whole, wind- 
pollinated (anemophilous) plants tend to produce more pollen than animal pollinated 
(zoophilous) plants due to the relative efficiency of the latter as a pollination strategy (Faegri 
& van der Fiji, 1971). However, pollen production in some zoophilous plants (e.g. Calluna) 
is comparable with anemophilous types. The efficiency of pollen dispersal from the parent 
plant is also very variable, both related to individual species characteristics and to the 
structure of the vegetation stand (Faegri & Iversen, 1989). A general model of the exponential 
decline in pollen representation with increasing distance from source is well understood 
(Janssen, 1966) (Figure 8.1), but the actual nature of pollen dispersal is conditioned by a 
host of species- and site-specific factors, including flower structure, size and aerodynamic 
properties of different pollen types, and meteorological conditions. 



Figure 8.1. Theoretical pollen dispersal curve (after Janssen, 1966). The bulk of pollen is 
dispersed within only a few metres from the source, deposited in the form of individual 
grains and also intact anthers and catkins, by gravity and water runoff from leaves and 
stems (local pollen). Some pollen is dispersed over tens of metres in diffuse clouds, more 
or less parallel to the ground, to be scavenged by ground cover (extra-local pollen). A 
small proportion of pollen will be dispersed over hundreds to thousands of metres (up to 
hundreds of kilometres) by thermal updraughts and air-currents (regional pollen). 
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Where pollen surface studies enable the direct comparison of the representation of a pollen 
type and the abundance of the source plant in the vegetation cover, numerical correction 
factors (R-values (Davis, 1963)) may be developed to account for differences in pollen 
production and dispersal. This technique has been successfully applied in a number of 
studies (e.g. Bradshaw, 1981) where the modern and palaeovegetation are not widely 
different and where the pollen source area is clearly defined. While refinement of numerical 
techniques for the calibration of pollen data continues (e.g. Sugita, 1994), in practice most 
palynologists rely on an observational approach. As no numerical models or correction 
factors exist for the vegetation of southern Iberia, this study must fall into the latter category. 
A number of general observations regarding pollen production and dispersal for some of 
the pollen types encountered in this study may be gathered from surface sample studies 
presented in Stevenson (1985a) for the Donana area in southwest Spain and Queiroz (1989) 
for the Serra da Arrabida in western Portugal. For example, Queiroz observes that the main 
pollen producers are Quercus faginea {Quercus deciduous pollen type), Quercus coccifera, 
Olea europea, Pistacia lentiscus, Phillyrea, Erica arborea, Juniperus and Viburnum tinus. 
These plants display high levels of pollen production and successful dispersal, being well 
represented in all samples and showing highest percentages where they occurred more 
frequently. In contrast, a number of pollen types, including Acer, Cistus, Ophioglossum 
and Selaginella, display high local representation but poor dispersal. Pollen of Arbutus 
unedo was observed to be distinctly underrepresented at all sites, despite being abundant in 
the vegetation and flowering profusely. Similarly, Stevenson (1985a) notes that leguminous 
shrubs may be severely underrepresented even where they form a major component of the 
vegetation cover. 

Taphonomic influences related to differential pollen preservation may have an important 
effect on the representation of pollen types, altering the representation of pollen types 
within the fossil assemblage relative to their representation in the pollen rain. Experimental 
investigations have demonstrated that pollen and spores are susceptible to decay through 
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biological and chemical attack, and that susceptibility varies between types. Sangster & 
Dale (1961,1964) demonstrate that rates of decay and fossilization potential varied between 
different pollen types, and that decomposition of the same pollen types varied with 
depositional environment, e.g. pond, lake, swamp, or bog. Havinga (1984), presenting the 
results of a 20 year experimental investigation into pollen decay in soils, demonstrates that 
different types show different susceptibility to degradation. Both rates of decay and the 
nature of degradation of the exine (e.g. corrosion, cavitation, thinning) varied between 
different soil environments (river clay, podzolised sand, peat). However, certain types 
demonstrate generally lower susceptibility to decay; these include Pteridophyte spores 
{Lycopodium, Polypodium), bisaccate pollen grains of Pinus, and fenestrate pollen of 
Asteraceae {Taraxacum). Laboratory-based experimental investigations (Campbell, 1991; 
Campbell & Campbell, 1994) also highlight the susceptibility of pollen grains to physical 
degradation when exposed to repeated wet-dry cycles. While differential preservation is a 
concern for the interpretation of pollen records, in practice, anaerobic sediments probably 
preserve most pollen grains of most types (Bennett & Willis, 2001). However, the extreme 
susceptibility of a few pollen types to extremely rapid decay may underline their absence 
or under-representation in pollen records. In this study, for example, the absence of Populus 
or Juncus pollen may be related to this phenomenon. 

8.1.2 Pollen In the estuarine environment: source areas, transport and deposition 

In addition to an awareness of the preceding factors, interpretation of pollen records must 
be undertaken with consideration of the pollen source area. This requires an understanding 
of nature of the depositional setting and the modes of transport by which pollen arrives at 
the site. In general, models for pollen transport and deposition have concentrated on aerial, 
fluvial and lacustrine systems (Traverse, 1988). In some settings, notably lake basins in 
forested environments, extensive research has yielded a strong understanding of the 
relationship between the depositional location and the pollen source area for certain settings. 
For example, the general relation between increasing size of a lake basin and increasing 
pollen source area is well defined (Jackson, 1994). In contrast, the understanding of pollen 
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transport and deposition within the estuarine environment is less advaneed (Chmura & 
Eisma, 1995). 

A model for the pathways of pollen transport into estuarine sediments, adapted from the 
elassic model of Tauber (1965), is presented in Figure 8.2. Overall, pollen in the estuarine 
setting is considered to derive from both airborne and waterborne sources, and be subject 
to varying degrees of homogenisation within the tidal water body. The pollen entering the 
estuary is viewed as the sum of different source components. These components illustrate 
the variety of mechanisms by which pollen may be transported into an estuary and, by 
extension, highlight the possibility for changes in the relative importance of different 



Figure 8.2. Transport pathways of pollen entering an estuary; adapted from Tauber (1967). 
Cr: atmospheric airborne pollen component (long-distance) 

Cc/Ct: canopy/trunk-space airborne component (short to medium distance) 

Cgl: gravity component entering the fluvial system from riparian vegetation 

Cg2: gravity component from wetland vegetation within the estuary 

Cwl: inwashed component entering the fluvial system from soil and vegetation runoff 

Cw2: total inwashed component of waterborne pollen entering the estuary 

R1: recycled/reworked component from alluvial sediments and soils 

R2: resuspended tidal component 
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transport mechanisms to produce variation within the pollen assemblage reaching the estuary 
(Jackson, 1994). 

A local or gravity component is composed of pollen falling more or less vertically from 
plants growing within or on the fringes of the estuary (Cgj). This component may be 
deposited in the form of clumps of pollen or intact anthers, and may result in a strong over¬ 
representation of local vegetation types of marsh vegetation, e.g. Poaceae and 
Chenopodiaceae. A component derived from vegetation neighbouring the estuary, and 
transported by low to high velocity air currents more or less horizontally, is comparable to 
the trunk-space (Ct) and canopy (Cc) components of Tauber. A distinction between the two 
is probably not appropriate in a landscape where a mosaic type vegetation may be more 
common than closed canopy forest. This combined component (Cc/Ct) is carried on turbulent 
winds close to the ground, and is considered to derive from dry ground vegetation of 
hillslopes and upland areas at distances from several metres to several kilometres from the 
estuary. Stevenson (1985a), for example, observed that in the complex mosaic type vegetation 
of the Goto de Dohana park, the movement of pollen from one vegetation type to another is 
a very important source of non-local pollen. The rain component (Cr) represents pollen 
dispersed by air currents from the source vegetation, lifted to high-altitude by convection, 
and deposited in rain droplets. As pollen may be transported long distances on high-altitude 
currents, the rain component may represent pollen sources at distances of hundreds of 
metres to hundreds of kilometres from the site, both within the drainage basin and beyond. 
The inwashed or fluvial component (CW 2 ) comprises pollen entering the estuary via the 
river system and represents pollen sources within the entire drainage basin. The inwashed 
component contains pollen from dry ground vegetation entering rivers via surface runoff 
and tributary streams (CWj). The fluvial pollen load will also include its own gravity 
component (Cg^) derived from riparian and aquatic vegetation growing in the river system 
and along its banks and floodplains. The fluvial pollen load is likely also to include recycled 
pollen, which repeatedly re-enters the stream in times of peak flow, and reworked 
palynomorphs from sediments eroded by the river (Rj) (Traverse, 1990; Campbell & Chmura, 
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1994). Another source of recycled pollen is tidal currents within the estuary, which promote 
resuspension of surface sediments, mixing and redeposition (R^). 

Within the estuary, deposition of pollen grains on the sediment surface is controlled by 
processes within the estuary. A large proportion of the pollen transported into the estuarine 
domain will enter the tidal water body, either via the fluvial system or at the air/water 
interface. A proportion of the airborne pollen supply may settle directly onto the sediment 
surface, but will be subject to resuspension during high tides. The tidal water body therefore 
represents a major proximal source of pollen for estuarine sediments. Estuarine waters 
typically contain high concentrations of pollen (10^ grains/ 100 1), one order of magnitude 
higher than nearshore coastal waters and two orders of magnitude higher than open marine 
waters (Traverse, 1990). Pollen grains, once they contain sufficient water to sink, are 
generally considered to behave in a similar manner to other particulate matter, with settling 
velocities determined by size, specific gravity, shape and surface texture (Brush & Brush, 
1994). Pollen grains have settling velocities equivalent to mineral grains between 5 and 15 
|l m (fine silts, ~6 to 8 phi) (Brush & Brush, 1994; Chmura & Eisma, 1995). Pollen in the 
tidal water body should move in suspension in tidal currents, and be deposited during slack 
water periods. While settling velocities vary between pollen types, the hydrodynamic 
properties of individual grains probably do not exert a strong control over the deposition of 
pollen from the tidal water body. This is because pollen and spores are likely to be 
incorporated into aggregate particles, both floccules and bioaggregates (faecal pellets of 
bivalves and zooplankton), with higher settling velocities than individual grains. Pollen 
settling onto the sediment surface is subject to remobilization by tidal currents and mixing 
in the tidal water body (Clark & Patterson, 1985; Chmura & Eisma, 1995). The extent of 
resuspension will vary with current strength and whether the sediment surface is vegetated. 
Where the surface is vegetated by marsh plants, these act as a baffle, trapping sediment and 
organic debris and reducing the extent of remobilisation (Allen, 2000). 
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The study of the pollen content of surface sediments from the Ems-Dollard tidal basin 
(Germany/Netherlands border) (Chmura & Eisma, 1995) provides some important insights 
into the behaviour of pollen within a tidal basin. The authors demonstrate that while total 
pollen concentration in surface samples is conditioned by hydrodynamic factors related to 
mud flat topography and current energy, pollen percentages show little variation. The minimal 
sorting of pollen by taxa or by condition (preservation state) is attributed to two factors. 
First, processes of flocculation and bioaggregate pellet formation diminish the importance 
of variation in settling velocities between different pollen types. Evidence for the important 
role of bioaggregation is shown in the recovery of pollen and spores from the stomach 
contents of bivalves and from intact faecal pellets recovered from sediment samples (Chmura 
& Eisma, 1995). Second, resuspension of surface sediments promotes homogenisation of 
the pollen content. 

Some pollen, notably the gravity component derived from local marsh vegetation (Figure 
8.2, Cgj), and airborne components from neighbouring vegetation or the regional pollen 
rain (Cc/Ct, Cr), may be supplied directly to the sediment surface of marshes or tidal flats. 
As vegetation tends to reduce current velocities and promote sediment trapping (Allen, 
2000), pollen deposited within a vegetated marsh setting is less likely to be redistributed. 
Saltmarshes therefore tend to concentrate pollen derived both from local vegetation and 
from the tidal water body (Clark & Patterson, 1985; Chmura & Eisma, 1995). 

Opinions differ regarding the relative importance of windbome and fluvial pollen sources 
for estuaries. On the one hand, rivers are effective pathways for the transport of pollen, and 
fluvial pollen supply is significant in a range of sedimentary settings including lakes (e.g. 
Peck, 1974; Bonny, 1978) and shallow marine environments (Heusser, 1978). Anumber of 
studies have demonstrated positive correlations between pollen concentration, suspended 
sediment load and discharge in river water (Groot, 1966; Chmura & Liu, 1990). As estuaries 
and surrounding marshes are major sinks for fine-grained sediments of fluvial origin (Dark 
& Allen, 2005), a significant contribution of fiuvially-derived pollen should be anticipated. 
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In the Delaware river estuary (Atlantic coast, USA), Groot (1966) observes correlations 
between suspended pollen concentration and suspended sediment load. Groot also observed 
a good correspondence between the composition of pollen spectra and the vegetation cover 
across the entire drainage basin, both for suspended and bottom sediments. These 
observations suggest a predominantly fluvial source of pollen in this case. This view is 
maintained in a number of palynological studies of estuarine sediments, where the pollen 
source area is equated with the fluvial drainage basin (e.g. Sanchez Goni, 1996; Santos & 
Sanchez Goni, 2003). 

In contrast, in studies of the Chesapeake Bay (Atlantic coast, USA) Brush and Brush (1994) 
found that pollen content of surface samples correlates with the vegetation cover of adjacent 
areas to the estuary. These authors suggest a predominantly airborne pollen supply and a 
model whereby pollen grains entering the estuary eventually settle to the bed in 
approximately the same place, after a period of back and forth movement under tidal action 
(Brush & Brush, 1994). Debenay et al. (2003) also observe correlations between pollen 
content and vegetation cover of adjacent areas along a longitudinal transect of sediment 
samples in the Vendee estuary in western France. However, it is not clear that spatial variation 
in pollen content demands that aerial pollen sources be dominant. Chmura et al. (1999) 
note that even in high order rivers, surface runoff from river banks and tributary inputs may 
introduce pollen from local plants which is detectable in suspended pollen assemblages. 
Similarly, spatial variation within estuarine waters and surface sediments may also reflect 
localised variation in the inwashed component. To conceive of a basin-wide dominance of 
either fluvial or aerial sources is probably unrealistic. As Chmura (1994) demonstrates for 
modern sediments of the Mississippi delta plain, pollen content and the ratio of local to 
regional pollen vary systematically across different sub-environments, related to the relative 
importance of local (gravity component), fluvial and aerial pollen sources. The relative 
importance of these components is understood to vary according to flooding regimes, 
proximity of fluvial sources, conditions of sediment trapping and the extent of vegetation 
of the sediment surface. 
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In terms of interpreting pollen assemblages from estuarine sediments, the likely contribution 
of fluvially-transported pollen introduces certain difficulties. Differential transport of pollen 
and spores has been shown to occur in flume experiments (Brush & Brush, 1972; Holmes, 
1990), and has been considered by some researchers to be a significant control on the 
composition of alluvial pollen assemblages (e.g. Catto, 1985; Fall, 1987). However, studies 
of spatial variability in pollen content within river water samples have not demonstrated 
strong correlations between pollen content and stream velocities (Campbell & Chmura, 
1994; Smirnov et al , 1996), supporting the view that fluvial transport “should not be expected 
to cause distortion of pollen assemblages in sediments” (Smirnov et al, 1996: 80). While 
the action of fluvial transport itself is not considered to represent a serious problem for the 
interpretation of sediments which contain a major inwashed component, the contribution 
of recycled and reworked pollen of mixed ages does present a challenge for the interpretation 
of pollen in sediments receiving a major fluvial contribution (Burrin & Scaife, 1984). High 
frequencies of pre-Quaternary spores or degraded pollen grains may provide critical 
indications of the extent of erosion and reworking. While a major inwashed component 
presents this difficulty, a benefit arises from the more inclusive incorporation of pollen 
from plants which are not wind-pollinated and which may only disperse pollen over short 
distances (e.g. entomophilous plants, understorey plants and some spore producers) (Chmura 
et al, 1999). The record of members of the Cistaceae family encountered in this study, for 
example, is considered to reflect the influence of an inwashed pollen component. 

For the sites studied here, the pollen components that are considered likely to dominate the 
pollen record are 1) local vegetation growing near the coring site (Cg2), and 2) inwashed 
pollen from the fluvial drainage basin (Cw2). This latter component will contain both dry 
ground (Cwl) and wetland pollen types (Cgl). Given the sedimentary (particle size) evidence 
for the predominant deposition of fine-grained particles in the form of aggregate particles 
from the tidal water body, and the focusing of sedimentary and organic material of fluvial 
origin which occurs within an estuary, these sources are considered more important than 
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airborne pollen sources. However, airborne sources at a range of distances from the core 
sites (Cc/Ct/Cr) will also have contributed to some extent to the pollen record, and this 
contribution may have varied over time with respect to prevailing winds, changes in the 
morphology of the estuary and the structure of local vegetation. 

Overall, the main (non-local) pollen source areas for the P2 and P5 cores are considered the 
drainage basins of the Boina and Arade valleys, respectively. These include large areas of 
the upland Serras, and (for P5) the slopes of the Monchique massif These also include 
numerous small valleys of tributary streams, and small areas of limestone Barrocal lowland 
on the margins of the estuary. For core CM5, an important pollen source area is considered 
the drainage basin of the Beliche tributary. In common with the Boina and Arade basins, 
this includes a large area of upland terrain, dissected by small valleys. Fluvial input from 
this tributary system may dominate the pollen content at the core site. However, as part of 
the Guadiana estuarine system, the pollen record may contain a significant pollen component 
derived from the tidal water body or remobilised from other areas of the estuary (R2). This 
component will increase the geographic range of pollen source areas to include a much 
wider region of the Guadiana basin. 

8.1.3 Taxonomic precision 

A difficulty in interpretation of the pollen record relates to the low taxonomic precision of 
some pollen types. Poaceae, the grass family, is an important example. Grass pollen is 
generally well represented in the pollen records studied here, but its significance is not 
easy to determine. Grasses are an important fioristic component of a variety of vegetation 
communities, representing lower intertidal saltmarshes, river floodplains, meadows and 
agricultural ground. Asteraceae (Lactucae), with representative species in many open ground 
habitats including saltmarsh, is another example. Overall, these problems are exacerbated 
in the study of tidal sediments due to the likely extent and range of pollen source areas. The 
basic division of the pollen records into two sets, dry ground and wetland taxa, is an 
important step towards improving the interpretation of the pollen data (Clark & Patterson, 
1985). However, some broad taxonomic pollen groups taxa are likely to straddle this basic 
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division. While it is considered likely in this case, due the nature of pollen dispersal, that 
local wetland sources may be more significant than dry ground sources within the pollen 
source area, this cannot be proved. High and fluctuating pollen percentages are generally 
recognised to indicate pollen inputs from local vegetation (Rybniekova & Rybnieek, 1971), 
but this may not provide such a reliable indicator where resuspension and mixing of pollen 
grains by tidal currents take place. In cases where a dry ground or regional contribution to 
a designated wetland type is suspected, specific mention is made in the text. 

8.1.4 Proportional data 

Finally, it is recognised that pollen percentages are subject to certain difficulties which 
arise from the nature of proportional data. The most obvious ditficulty is that high values 
for one taxa will depress the values for other taxa. Where changes reflect different areas 
within the pollen catchment, this may lead to difficulties in interpretation. Less obvious is 
what Faegri and Iversen refer to as the Taw of diminishing return’, whereby as a taxon 
approaches 100% a large absolute change in pollen input will result in very little change in 
representation in terms of percentage values (Faegri & Iversen, 1989). The interpretations 
drawn from percentage data should be checked against concentration values, by which 
means the input of any given pollen type may be considered independently. 

8.2 CMS Guadiana 

8.2.1 Late-glacial vegetation, c. 13,000-11,860 cal BP 

The well-preserved pollen from samples of Late-glacial age is, in the broader perspective, 
a valuable and unusual feature of the CMS core. In terms of the dry ground assemblage, 
one of the most distinctive features of CMS-I is the combination of high values for Juniperus 
associated with the occurrence of Ephedra distachya type. Ephedra distachya is a plant of 
arid conditions on sandy terrain, such as stabilised dunes, and does not occur in the modern 
vegetation of Portugal. The combination of juniper and E. distachya suggests a fioristic 
community occurring in xeric conditions during the Late-glacial, perhaps similar to the 
permanent shrub communities of J. phoenicea ssp. turbinata and^. distachya growing on 
coastal sand dunes and palaeodunes in semi-arid to sub-humid areas of the western 
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Mediterranean and Maghreb (Rivas-Martinez et al, 2001). Although these junipers grow 
as small trees and shrubs on dry rooky slopes within the modem basin of the Guadiana 
(Capelo, 1996), the inoreased representation of Junipems pollen and presenoe of E. distachya 
in the Late-glacial suggest that this floristic community did not persist into the Holocene. 
Other indications of drier than present conditions may include the occurrence of Centaurea 
(C. nigra type and Centaurea undiff.), associated with steppic or dry grassland environments, 
in CM5-1. Also, the virtual absence of typical sclerophyllous thermomediterranean taxa, 
Olea, Phillyrea and Pistacia, in CM5-1 may reflect cooler as well as drier conditions. 

During the period of time represented by CM5-Ia and CM5-Ib (c. 13,000-12,550 cal BP) 
the record for Pinus and Quercus presents indications of dynamic changes in arboreal 
populations. In the lowermost samples (CM5-la), values for Sum Quercus (the individual 
records of the constituent types will be considered later) are as high as any recorded during 
the Holocene. Values decrease across the sub-zone, and are then dramatically reduced at 
the transition to CM5-Ib (c. 12,800 cal BP), decreasing to frequencies as low as those 
observed in the upper part of the core where major human impact may be considered a 
likely factor. A concomitant decline in Quercus coccifera type is also observed, with core 
low values occurring at the base of CM5-lb. In contrast, values for Pinus increase across 
the sub-zone boundary, reaching peak values for the core. The pollen concentration values 
suggest that decreased input of Quercus pollen is the main cause for changes in the frequency 
values. This major decrease in the representation of Quercus — a genus characterised by 
good pollen production and dispersal — is interpreted as a decline in regional forest cover. 
This event probably reflects climatic factors, namely a relative shift from wet to dry 
conditions, which is supported by the record of several other taxa at the CM5-Ia/Ib boundary. 
Increases in Juniperus, Ulex type (gorses and brooms) and several herbaceous taxa associated 
with open dry terrain, namely Plantago lanceolata type, Centaurea undiff. and 
Caryophyllaceae, are consistent with this interpretation. The contribution oiPinus, probably 
reflecting both coastal pinewoods on sandy soils and upland stands, appears to have been 
more stable, and percentage values are enhanced in relation to the other taxa. The 
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identification of a morphometric group ascribed to P. sylvestris indicates a long-distance 
pollen contribution from montane areas in the Portuguese interior. In CM5-Ic, percentage 
values show a reduction for Pinus and an increase for Quercus. The significance of these 
changes in terms of forest cover is difficult to assess, because they correspond with a dramatic 
reduction in pollen concentration for virtually all taxa. Quercus displays an apparent recovery 
from the decline observed in CM5-Ib. 

In terms of wetland vegetation, CM5-I presents evidence for a transitional phase from 
floodplain to saltmarsh vegetation. At the base of the core, high values for Apiaceae, 
Asteraceae (Lactucae), Poaceae and Cyperaceae suggest open conditions around the core 
site. Although the taxonomic precision of these taxa is low, the alfinity between the pollen 
curves for these taxa suggest that they may in large part reflect a common floristic element, 
which is considered to be floodplain and freshwater marsh vegetation. Across CM5-Ia and 
CM5-Ib, these types decline relative to Artemisia, Chenopodiaceae and Armeria/Limonium, 
suggesting a transition in the wetland environment towards the development of halophytic 
communities. CM5-Ic is characterised by a well developed halophytic vegetation, with 
high frequencies of Chenopodiaceae, Aster type, Artemisia and Armeria/Limonium. 

The development of the halophytic vegetation may reflect a localised expansion of 
saltmarshes near the CMS site. However, there are indications that the evidence for increased 
salinity does not pertain simply to local vegetation at this time. High values for Artemisia 
and Chenopodiaceae are a characteristic feature of southern European pollen records for 
the Late-glacial period (e.g. Pons & Reille, 1988; Giralt et al, 1999; Lawson et al, 2004) 
and are considered an indicator of arid climatic conditions, representing a steppic vegetation 
without clear modem analogues. In a coastal setting, it may be dilficult to distinguish between 
climatic aridity and hydrographic salinity signals in the pollen record, as the two pose a 
similar effective pressure for plant life. Aridity and salinity may of course be related in the 
coastal zone; for example, decreased freshwater supply and increased evaporation promote 
the salinisation of marginal areas and encourage the development of salt cmsts. Although 
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Artemisia is included with the wetland group of pollen types because of the occurrence of 
certain species within halophytic marsh vegetation communities, e.g. A. caerulescens (Lousa, 
1986), the increased importance of Artemisia during the Late-glacial may well represent 
the wider development of arid environments during this period. Indeed, while a local 
saltmarsh signal for Artemisia is suggested by occasional minor peaks in association with 
elevated values for Chenopodiaceae in other zones (CM5-Ivb, CM5-V), the nature of the 
signal in CM5-I is different. The representation of Artemisia is much stronger, more 
consistent between samples, and shows evidence for changes which parallel the 
aforementioned trends across CM5-Ia/Ib in dry ground taxa such as Pinus and Juniperus. 
These observations suggest a regional signal, reflecting a wider development of arid or 
saline environments within the Guadiana basin. 

In summary, the Late-glacial pollen spectra display a distinct overall character, with evidence 
for arid climatic conditions in the representation of a xerophytic shrub community {Juniperus 
and Ephedra distachya) and a range of dry ground herbaceous taxa. The lower sub-zones 
(CM5-Ia/Ib) record marked changes in a number of taxa, including a major decline in 
Quercus. These changes are interpreted as evidence of an arid climate event. Pollen types 
within the wetland group suggest a trend towards conditions of increased salinity. This 
trend may reflect changes in the local environment from freshwater floodplain to saltmarsh. 
However, the trend may be representative of arid conditions in the wider region. 

8.2.2 Early Holocene vegetation, c. 11,860-8960 cal BP 

CM5-II has unusual characteristics which make interpretation of the pollen spectra difficult. 
The record of dry ground taxa suffers from a combination of poor preservation and low 
pollen concentration. Dry ground taxa represent only a minor component of the total pollen 
assemblage, which accounts for depressed pollen percentage values relative to the total 
sum. In this case, the percentage values relative to the partial sum should provide insights 
into the composition of dry ground vegetation. However, the pollen counts for dry ground 
taxa are low, so the percentage values cannot be considered robust. Therefore, the 
interpretation of this part of the record in terms of vegetation is tentative. Overall, the main 
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arboreal types are well represented, with slightly higher frequencies ^orPinus than Quercus. 
The important role for Juniperus and Ephedra distachya type is not evident in CM5-II, 
although the overall evidence for a mixed woodland and scrub landscape continues into the 
early Holocene, with relative high frequencies for a number of open ground herbaceous 
types {Centaurea, Erodium, Serratula type) and shrub taxa (Coronilla type, Cistaceae and 
Ericaceae). 

The total pollen and spore assemblage is dominated by a small number of taxa, namely 
Cyperaceae, Ophioglossum lusitanicum, and especially Asteraceae (Lactucae). Isoetes spores 
are also very abundant, particularly near the top of the biozone, being up to 5 times more 
numerous than the entire population of other pollen and spores. The combination of Isoetes, 
Ophioglossum lusitanicum and Pilularia globulifera (a relatively minor taxon which is 
best represented in this zone) suggests a particular set of ecological conditions. Ophioglossum 
lusitanicum and Pilularia globulifera are both amphibious plants of shallow depressions, 
seasonal ponds and temporary wetlands on minerogenic soils, and are typically found in 
vegetation communities associated with Isoetes (Rivas-Martinez et a/., 2001; Grillas et al ., 
2004). Isoetes today occupies shallow, oligotrophic pools and in southern Europe is especially 
characteristic of seasonal pools, a special and generally threatened biotope with a rich and 
distinct flora (Quezel, 1998). The genus Isoetes in southern Portugal includes both terrestrial 
plants of damp grassy areas on the fringes of temporary ponds (/. histrix, I durieui) and 
amphibious plants of seasonal pools (/. velata, 1. setacea) (Grillas et al, 2004). A sub¬ 
population of the Isoetes spores was distinguished on the basis of a distinctive fibrous 
sculpturing of outer coating (perine) which is considered specific to I histrix (Berthet & 
Eecocq, 1977). This type was only recorded in the upper part of the core, CM5-IVA^. This 
suggests that the population of Isoetes spores in CM5-II and CM5-III may predominantly 
reflect the amphibious group of Isoetes. However, the contribution of I. durieu and the 
resilience of the sculpturing of I. histrix over time are not known. 
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The abundance of Asteraceae (Lactucae) grains may reflect a large presence in the local 
vegetation. However, the recognised resilience of this particular pollen morphology may 
suggest a taphonomic influence on the assemblage. The fenestrate morphology of this pollen 
type is extremely robust and the pollen type may survive under conditions of poor 
preservation when other pollen grains are destroyed (Havinga, 1984). The very strong 
representation of this pollen type may reflect a reworked component from soils or alluvial 
sediments which have been exposed to subaerial weathering, as suggested for high 
abundances of Asteraceae (Lactucae) in fluvio-estuarine sediments in Sicily (Collins etal, 
2001). Another indicator of reworked sediment input, namely rebedded trilete spores, shows 
increased values in this biozone although frequencies of indeterminate grains are not 
significantly greater than in other biozones, and are in fact much reduced from the preceding 
biozone, CM5-Ic. 

In contrast with CM5-II, CM5-III is characterised by modest pollen concentration and 
larger pollen counts for dry ground taxa. Two distinctive feature of CM5-III are: 1) the 
strong representation of Pinus, suggesting an important pollen contribution from both 
lowland pinewoods and more distant upland pines {P. sylvestris), and 2) the beginning of 
the continuous curve for Olea, and the beginning of increased importance for Phillyrea and 
Pistacia. These pollen types show a general alfinity throughout the core (and in cores P2 
and P5) and are considered to represent areas of evergreen woodland and thickets. The 
status of these taxa during the early Holocene (CM5-II) cannot be ascertained with certainty 
due to the poor record overall for dry ground taxa. However, despite a well preserved 
pollen assemblage, these taxa are virtually absent from CM5-Ia and CM5-Ib . This contrast 
between the Late-glacial and Early Holocene representation of these sclerophyllous 
Mediterranean taxa suggests a vegetation response to warmer conditions after c. 10,000 cal 
BP. 

8.2.3 Holocene forest conditions, c. 8960-5200 cai BP 

CM5-IV shows high values for all Quercus pollen types and suggests the most important 
development of regional Quercus forests during the Holocene. Frequencies for Pinus are 
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reduced from CM5-III, and morphometric indications suggest a reduced component of P. 
sylvestris pollen. Examination of the concentration curves shows that the expansion of 
Quercus at the transition from CM5-III to CM5-II is more significant than the reduction in 
Pinus. Small evergreen trees or large shrubs of Olea, Phillyrea and Pistacia are well 
represented. The concomitant expansion of Quercus and these evergreen types probably 
reflects a forest expansion structured by microclimatic and edaphic conditions, with oaks 
growing on the deeper, moister soils in the valleys and evergreen thickets occurring on 
thinner soils on south-facing slopes and other xeric locations. The consistent presence of 
Olea in this biozone demonstrates the status of Olea as a constituent member of the natural 
vegetation cover in association with other Mediterranean evergreen taxa such as Phillyrea 
and Pistacia. This contrasts with its status in northern Portugal where Olea chiefly provides 
a signal of human activity through cultivation (van den Brink & Janssen, 1985). Other 
shrub taxa are not strongly represented in this biozone. Fairly low frequencies of Cistaceae 
and Ericaceae may reflect shrubs growing as part of the forest understorey and/or an overall 
limited extent of shrubland vegetation. While this zone presents evidence for a maximum 
development of forest conditions, the structure of the vegetation cover probably was not 
fully closed. In general, arboreal taxa {Pinus and Quercus) and small tree/tall shrub taxa 
account for around 80% of dry ground taxa, and a much smaller proportion of the total 
pollen and spores. The occurrence of small clearings, forest edge habitats and grassy places 
are indicated by the sporadic presence of a range of herbaceous taxa at low pollen 
percentages, e.g. Echium, Erodium, Linum types, Sanguisorba minor and others. 

In CM5-IV, peak values are recorded for Q. suber type. The record of Quercus suber, the 
cork oak, is of considerable ecological interest, both in terms of the tree’s role in the original 
forest cover of southern Portugal and for the economic importance of the plant. The 
identification of Quercus suber type, however, which is undertaken on the basis of the size 
of the polar area of the pollen grain and the size of verrucate sculpturing on the exine 
(Saenz de Rivas, 1973), relies on good preservation of fossil grains. The type may also 
show considerable overlap with the Quercus deciduous type (Mateus, 1992). The curve for 
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Quercus suber type from core CMS at a number of depths in CMS-IV shows an inverse 
relationship with Quercus undiff. suggesting that the successful identification of Quercus 
suber type was conditioned by preservation state or other sample specific factors unrelated 
to the actual influx of Q. suber pollen to the site. Nevertheless, the broad pattern which 
emerges from the CMS record is that Q. suber was a relatively minor constituent of the 
Late-glacial and early Holocene forests, but increased in importance after 9000 cal BP 
(biozone CMS-IV) as part of the Holocene maximum forest development. In light of the 
preference of Q. suber and the semi-evergreen oaks {Q. faginea, Q. canariensis = Q. 
deciduous type pollen) for sub-humid to humid conditions (Polunin & Smythies, 1973; 
Capelo, 1996), the expansion of Q. suber and Q. deciduous type at this time suggests a 
climatic transition from warm, dry conditions to warm, moist conditions. 

In terms of the wetland environment, CMS-IV presents evidence for input from a range of 
fresh and brackish habitats. Overall a well developed marsh vegetation with high frequencies 
of Aster type, Poaceae and Cyperaceae is recorded. Chenopodiaceae occur at fairly low 
frequencies. This may indicate that the depositional environment was low in the tidal frame, 
with a surrounding marsh vegetation dominated by grasses such as Spartina spp. rather 
than Chenopodiaceae. Alternatively, if conditions were of fairly low salinity, other taxa 
might be more competitive than the Chenopodiaceae. CMS-IV shows an increased input of 
pollen from freshwater wetlands. The extensive development of forests on dry ground 
environments is accompanied by a strong development of riparian woodlands with Fraxinus 
and Salix accompanied by Osmunda regalis. Together with oak forests and the evergreen 
forest fringe of Olea and Phillyrea, riparian woodland completes the picture of maximum 
forest development across the full spectrum of xeric to moist edaphic and microclimatic 
conditions. Freshwater marshes and pools are also recorded with Typha/Sparganium and 
Myriophyllum alterniflorum. Bearing in mind the likely contribution of many wetland pollen 
types via the tidal water body, it is also likely that the diverse wetland pollen assemblage 
reflects a variety of habitats around the estuary. 
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8.2.4 A mid-Holocene deforestation event, c. 7760-7350 cal BP 

Within sub-zone CM5-IVb, an event is deteeted whieh impacts upon the pollen records of 
several major taxa. In this sub-zone, a decline in the main arboreal taxa is detected. Pollen 
percentages and concentration values for Pinus and Sum Quercus (excl. coccifera type) are 
slightly reduced and a range of shrub and open ground indicators show increases. Myrtus 
pollen is recorded for the first time. Myrtus is a fairly common shrub and occurs both as an 
understorey component of oak woodland and as an element of evergreen thickets, scrub 
and heath communities (Simonson & Sturgess, 1986). Only a single occurrence oiMyrtus 
is detected before this sub-zone, in CM5-IVa. It would seem unlikely that Myrtus was not 
present in the landscape during the early Holocene. Rather, the sudden appearance oiMyrtus 
as an important component of the upper pollen spectra suggests a possible change in either 
pollen production or dispersal elficiency related to a change in role for Myrtus from an 
understorey element to a member of more open shrub communities. This change might be 
associated with a reduction in arboreal cover associated with human activity, namely cutting 
and felling. A number of other shrub taxa which rise to prominence in the upper part of the 
record are detected in slightly increased frequencies in this sub-zone, including Cistus 
ladanifer type. Erica scoparia type and E. umbellata type. Plantago lanceolata type also 
shows a continuous curve during this sub-zone. These changes suggest a short-lived episode 
of reduced forest cover, with an expansion of Cistus scrub and ericaceous heaths. 

Contemporaneous changes in the wetland taxa are also observed. Apeak in Chenopodiaceae 
pollen accompanied by slightly elevated values for Artemisia suggests a flourishing of 
halophytic vegetation associated with a short-lived phase of marsh development. Certain 
freshwater indicators diminish during this phase {Typha/Sparganium, Myriophyllum 
spicatum) anAIsoetes undiff. is also reduced. The changes observed in CM5-IVb appear to 
have been fairly short-lived and a renewed dominance of the arboreal taxa is observed in 
CM5-IVc, which is palynologically similar to CM5-IVa. Estimates from the age-model 
suggest a period of about 400 calibrated years for the duration of CM5-IVb. 
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8.2.5 Indications of anthropogenic impact, c. 5200-1430 cal BP 

CM5-V contains evidence for a series of major ehanges in vegetation eover and composition. 
Overall, percentage values suggest a significant decline in both Pinus and Quercus (exel. 
coccifera type) at the CM5-IVA^ boundary. Pereentage values for both Pinus and Quercus 
then show a series of step-like deereases at the CM5-Va/VbA^c boundaries. These ehanges 
suggest a progressive reduetion in the regional forest eover. This reduetion is supported by 
ehanges in the eoncentration values, partieularly bearing in mind that total eoncentration 
inereases in CM5-V. The decline appears even more marked for Pinus than Quercus. The 
absence of a significant P. sylvestris component in the upper zones (CM5-IVA^) suggests 
that the deelines reeorded in CM5-V refleet a major impact on lowland and coastal pinewoods 
at this time. 

Accompanying the first reduetion in Quercus (exel. coccifera type) and Pinus frequencies 
(CM5-Va) is an increase in frequeneies of Q. coccifera type, aecompanied by inereases in 
Myrtus, Cistaeeae and Ericaceae. The contrast between high values for Q. coccifera type 
and reduced values for the other Quercus types suggests that Q. coccifera in this zone does 
not reflect woodland trees but rather shrub vegetation. In CM5-Vb, frequencies for all 
Quercus types, including Q. coccifera, are redueed, and Cistaeeae and Erieaceae beeome 
more dominant. Einally, in CM5-Vo, Pinus and Quercus types are further reduced, while 
Erieaceae and open ground herbaeeous taxa, Plantago coronopus and P. lanceolata types, 
inerease. 

The processes underlying this series of ehanges in the pollen reeord of CM5-V reflects the 
major development of shrubland vegetation eommunities, and are best explored in light of 
the ecologieal signifieanee of some of the key pollen types. In the study of Quercus pollen, 
ambiguity results from variability in growth habit (Grove & Raekham, 2001) and from the 
inelusion of multiple speeies of different habit and ecology within pollen types. While the 
distinction of a Quercus coccifera pollen type is relatively straightforward, the interpretation 
of the resultant eurve may not be. The Q. coccifera type ineludes pollen grains of Q. coccifera. 
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which may display a variety of growth habits depending on the extent of disturbanee. Q. 
coccifera may grow as a small tree, and is considered a natural constituent of oak woodland 
alongside other shrubs which may reach the status of fully-fledged small trees in the absenee 
of human interference (Braun Blanquet etal., 1956). Following the first elearanee of semi¬ 
evergreen forest of Q.faginea, tall scrub dominated by Q. coccifera, the carrascais, results 
due to the regenerative eapabilities of Q. coccifera, with shrubs around 2 m high. Where 
burning is employed for pastoral aetivities, Q. coccifera gives way to scrub communities 
dominated by Cistus, Erica and leguminous shrubs, e.g. Ononis, Ulex. The Q. coccifera 
pollen type also includes part of the pollen of Q. rotundifolia, which is considered a primary 
constituent of the original forest under dry to sub-humid conditions (Capelo, 1996). Q. 
rotundifolia is also one of the principal oak species of the “montados”, or semi-natural 
parklands that characterise the continental interior of southern Portugal. 

The eurve for Q. coccifera type from the CMS core is more or less parallel to the curves for 
Q. deciduous type and Quercus undiff throughout the lower part of the sequenee (biozones 
CM5-I, II and III). This close affinity is not observed in biozone CM5-IV, where a more 
individual behaviour is observed. In biozone CM5-V, the Q. coccifera type curve breaks 
fully from the other Quercus types, notably in CM5-Va, displaying a major increase in 
representation while other types undergo a severe reduction. The interpretation of this 
changing affinity between the types is eonsidered to reflect a combination of two factors: 
1) an increased representation of Q. coccifera compared with Q. rotundifolia associated 
with the expansion of tall serub eommunities relative to forest, and 2) a ehanging role for 
Q. coccifera, from a eomponent of the original forest eover to an individual response in 
refleeting the expansion of Q. coccifera serubland. This individual response is best expressed 
in CM5-Va. Overall, CM5-Va is considered to refieet a first phase of forest clearance. 

In CM5-Vb, a further reduetion of Quercus types is reeorded, this time including Q. coccifera 
type also, which corresponds with the maximum development of Cistus ladanifer/ 
populifolius, E. arborea and E. umbellata types. These changes suggest a widespread decline 
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of oak forests, accompanied by the development of extensive Cistus scrub and ericaceous 
heaths. The development of these vegetation communities is promoted by burning, because 
of the regenerative response of the Cistaceae and Ericaceae following fire, through enhanced 
seed germination for the Cistaceae and through resprouting for the Ericaceae (Mabberley 
& Placito, 1993). As described by Braun Blanquet eta/. (1956), traditional pastoral activities 
included intentional burning of the vegetation to promote lush regrowth of annual and 
herbaceous plants. This burning, however, ultimately promotes the further development of 
scrub and heath communities of Cistaceae and Ericaceae, resulting in a cycle of repeated 
burning and regrowth. Daphne, also notable for its recovery following fire (Mabberley & 
Placito, 1993), is most frequently recorded in this sub-zone. Overall, CM5-Vb is considered 
to reflect the maximum extension of semi-natural shrublands, probably under a regime of 
pastoral activity and anthropogenic burning. 

In CM5-Vc, Pinus and Quercus types reach their lowest values, following a trend of declines 
observed across the biozone. Distinctive to CM5-Vc, however, are declines in the 
sclerophyllous taxa Olea, Phillyrea and Pistacia, and the riparian arboreal taxa. These 
declines suggest the destruction of natural woodland and tall shrub communities across the 
full range of edaphic and micro-climatic environments. These declines are accompanied 
by the maximum expansion of open ground indicators {Plantago types) and ericaceous 
heaths. The taller shrubs of Cistus ladanifer! populifolius types decline, with the smaller 
species represented by C. monspeliensis type (C. monspeliensis, C. salvifolius) becoming 
more important. These changes are considered to reflect an intensification of human pressure 
through cutting, burning and pastoral activity and the degradation of some shrubland 
formations which found their maximum expression in CM5-Vb. 

8.2.6 Agricultural indicators 

“Primary indicators” (Behre, 1990) of anthropogenic activity, i.e. cultivated species of fields, 
orchards and gardens, are not clear in the CMS record. Sporadic occurrences of large Poaceae 
pollen (diameter >38 |l m, pore > 8 |l m) are recorded in CM5-IV and CM5-V (shown in the 
column following Poaceae in Eigure 7.3). In general, grains of this description may be 
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derived from eultivated eereals, although some wild grasses, notably Glyceria and other 
wetland species, produce grains of similar proportions (Bottema & Woldring, 1990; Moore 
et al, 1991). In the CMS record, some minor peaks in Poaceae D>38 P>8 correspond with 
local maxima for Poaceae, suggesting that these grains may in part simply represent a 
portion of a normally-distributed population of grass grains of various sizes. No clear 
correspondence is observed between peaks in Poaceae D>38 P>8 and indicators of open 
ground areas. While it is considered possible that some of the grains recorded in this category 
do originate from cultivated cereals, a clear signal for arable cultivation is not detected. 

Of note is the record of the Vitis pollen type. Vitis vinifera is a sun-seeking creeper, often 
found growing on moisture loving trees and shrubs, for which the native range and history 
of cultivation are not fully known (Rivera Nunez & Walker, 1989). Vitis pollen is plotted 
with the riparian taxa in Figure 7.3. At the outset of this study, the Vitis pollen type was 
considered likely to be an important indicator of viticultural activities. However, Vitis pollen 
was encountered routinely in the CM5 core (and also the P2 and P5 cores) in samples of 
mid-Holocene age, the earliest dating to 8820 cal BP (CM5, 1905 cm). These occurrences 
pre-date by several millennia the earliest archaeological or palynological evidence for 
viticulture or wine-making (Rivera Nunez & Walker, 1989). This finding suggests that 
Vitis is an element of the native flora. The native range of Vitis is not well known, 
predominantly because of the widespread naturalisation of Vitis cultivars, but is generally 
considered to extend only to southeastern Europe (e.g. Tutin et al., 1964-1980). However, 
evidence from a range of palynological and archaeological sources suggest that the native 
range, and hence the potential for domestication, may be much wider than generally accepted 
(Rivera Nunez & Walker 1989). 

Vitis is generally considered a poor pollen producer, and its detection in the pollen record is 
generally considered indicative of a local presence (Bottema & Woldring, 1990). At Laguna 
de las Madres in southwest Spain (Stevenson, 1985b), strong evidence for viticulture with 
Vitis pollen percentages reaching 40-50 % dates to at least 4500 '"‘C bp (c. 5300 cal BP). 
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Modest percentages are also found in spectra of similar age at the nearby site of El Acebron 
(Stevenson, 1988). In this case, a viticultural source is not clear. In the modern vegetation 
near this site, Vitis vinifera grows commonly as a bane among a carr vegetation of willows 
and ash, and fossil Vitis pollen percentages show affinities with Salix and Fraxinus pollen 
in some phases. However, in other phases, Vitis shows an affinity with disturbance indicators 
in the pollen record. In pollen records from the Alentejo littoral, sporadic occurrences of 
Vitis pollen are recorded at Lagoa Travessa from c. 6000 cal BP (Mateus, 1992). At Vale da 
Carregueira (Queiroz, 1999), Vitis pollen is recorded more abundantly, associated with 
Alnus, in a record extending to c. 6100 cal BP. In the CMS record, the Vitis curve shows an 
affinity with the Fraxinus curve in CM5-IV and CM5-Va, and it is this represents wild 
plants of Vitis growing in riparian woodland in the surrounding valleys. Only in CM5-Vb 
and CM5-Vc, where Vitis frequencies show a modest increase, is a possible viticultural 
signal detected (i.e. after c. 4000 cal BP). 

Castanea is recorded only in pollen spectra of CM5-Vb and CM5-Vc. Although there is 
evidence for a native status for the sweet chestnut in the Iberian peninsula with refugial 
populations present during the last Glacial period, Castanea is documented at the CMS site 
only in the last 3000 years. This suggests that the traditional model for the spread of Castanea 
in Iberia, namely through introduction from more eastern parts of the Mediterranean region, 
holds for this locality. Although the Romans are generally credited with the widespread 
planting of Castanea, the earliest occurrence in core CMS as determined by the age model 
(depth 340cm, c. 2860 cal BP) precedes the Roman invasion of Iberia of around 200BC by 
several centuries. Two explanations may be considered: first, the age-model may not be 
sufficiently accurate, and second, Castanea may have been brought to this region during 
pre-Roman times. The centuries preceding the Roman invaders were certainly a period of 
widespread contacts between southern Portugal and the eastern Mediterranean via Greek 
and Phoenician traders (Rouillard, 1991). 
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Several reasons may be posited for the limited record of primary indicators. One may be a 
large pollen source area producing a generalised picture of the vegetation cover below the 
resolution of small-scale prehistoric agricultural activities (In general, the best sites for 
palynological detection of early agriculture are those with small pollen source areas that 
include archaeological settlements (Willis & Bennett, 1994)). Another may be that pastoral, 
rather than agricultural activities may have been more important in terms of influence on 
the vegetation cover. In contrast, the record of “secondary indicators” (Behre, 1990) of 
anthropogenic activity is much stronger. These secondary indicators include species which 
are not intentionally grown by man but are either favoured or unintentionally introduced 
by human activities. In the CM5 record, taxa which appear to be associated with human 
impact include several shrub taxa which flourish only in the upper part of the record, e.g. 
Myrtus, Erica scoparia type and E. umbellata type. As mentioned, although Myrtus is 
likely to have been a constituent of a natural woodland vegetation communities, 
palynologically it is only associated with the expansion of semi-natural shrublands in the 
upper part of the record. This pattern holds true for the P2 and P5 records. The Cistaceae 
family are also important indicators of the development of semi-natural shrublands. Within 
the Cistaceae pollen taxa, three types — Efalimium halimifoUum type, Efelianthemum 
salicifolium type and Tuberaria guttata type — show their maximum development in CM5- 
V. These types include dwarf shrub species and, in the case of Tuberaria guttata, herbaceous 
annuals, of low scrub and steppe vegetation. Although present in low frequencies, these 
types provide an important record of strong anthropic pressure through pastoral activity 
and the creation of degraded scrub vegetation. A contrast is also observed between the 
curves for Cistus ladanifer/populifolius types and C. monspeliensis type. The smaller species 
included in the C. monspeliensis type are more clearly associated with the semi-natural 
landscapes of CM5-V. Although direct pollen evidence for the cultivation of cereals is 
ambiguous, a number of ruderal species are recorded in CM5-V which probably reflect 
waste ground and field boundaries. These include Anthemis type, Galium type, Fumaria 
officinalis, Valerianella and Scabiosa colombaria type.. In general, however, these types 
are recorded only in low frequencies. Plantago lanceolata type, considered one of most 


226 



Chapter 8 - Discussion poiien data 


reliable anthropogenic indicators in the eastern Mediterranean (Behre, 1990; Bottema & 
Woldring, 1990), is strongly associated phases of forest decline, and is considered a reliable 
anthropogenic indicator here also. The more abundant P. coronopus type probably represents 
a mixed signal of human impact and terrestrialisation of estuary, given the tolerance of the 
species P. coronopus for saline soils. 

8.2.7 Saltmarsh development, c. 5200-1430 cal BP 

In CM5-V, fluctuating high values for Chenopodiaceae accompanied by small peaks in the 
curve ior Artemisia suggest a local development of halophytic vegetation. Small increases 
in Tamarix in CM5-Vmay indicate marsh terrestrialisation and the encroachment of brackish 
ground at the marsh fringes. Declines in Cyperaceae and a progressive decline of Isoetes 
undiff. suggest a trend towards drier conditions. These changes are considered to reflect 
infilling of the depositional basin and a relative elevation with respect to the tidal frame. 
Riparian woodlands are well represented during most of this phase, declining only in the 
uppermost part of the record (CM5-Vc) after c. 2500 cal BR 

8.2.8 Dinoflagellates and other micro-fossils 

A small number of dinoflagellate taxa are recorded from the CMS sediments. Two important 
constraints must preface any interpretation of the dinoflagellate assemblage. First, 
dinoflagellates were only counted that were observed during pollen counts, i.e. the sum of 
dinoflagellates varies significantly between samples. Second, the use of oxidising chemical 
treatments during the routine pollen preparation may bias the preservation of dinoflagellate 
cysts towards the more resistant types (generally the autotrophic dinoflagellates) and result 
in the total destruction of some less resistant types (particularly the heterotrophic 
dinoflagellates) (Debenay et al., 2003). 

Nevertheless, some important observations arise from the dinoflagellate data. First, 
dinoflagellates are observed in every sample from the CMS record. This suggests at least 
some tidal influence throughout the period of infdling (Jennings et al., 1993). However, it 
is recognised that biological indicators of brackish or marine conditions may occur well 
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upstream of sedimentary tidal influence, relating to periods of reduced river discharge (Frey 
& Howard, 1986). Second, the samples are dominated by two types, Spiniferites sp. and 
Lingulodinium machaerophorum. These taxa are typical estuarine types tolerant of low 
salinities and their dominance (and the low diversity of types in general) is typical of the 
estuarine environment (Morzadec-Kerfourn, 1992; Debenay et al., 2003; Morzadec- 
Kerfourn, 2005). Third, a slight increase in dinoflagellate diversity is noted in CM5-IV, 
with taxa of probable neritic or shelf origin (Operculodinium centrocarpum, O. israelianum, 
Polysphaeridium zoharyi) (Debenay et al, 2003). This suggests a stronger tidal influence 
in this biozone, with the transport of dinoflagellates from more open coastal waters at the 
estuary mouth to the core location. 

Pediastrum, considered an indicator of freshwater conditions (Round, 1965) are fairly 
abundant in many parts of the core, notably in biozones CM5-III and CM5-IV. In CM5-III 
the peak abundance of Pediastrum colonies corresponds to lowest values for dinoflagellates, 
and may suggest a low salinity wetland phase. In the pollen spectra, this zone displays the 
maximum frequencies of Isoetes undiff. However, high values of Pediastrum also occur in 
CM5-IV, associated with peak dinoflagellate abundance and diversity. This juxtaposition 
of freshwater and salinity indicators is considered to reflect a well-mixed tidal source of 
palynomorphs and algal bodies. Other algal fossils do not show a clear association with the 
pollen biozones. Spirogyra and Zygnemataceae, possibly also freshwater indicators, occur 
throughout the core, although peak frequencies occur in the lower biozones. Concentricystes 
(syn. Pseudoschizaea), a micro fossil of uncertain but possible soil provenance, occurs rarely 
in CM5-V. In pollen records from southeastern Spain (Pantaleon Cano et al, 2003), this 
fossil has been considered an indicator of input of eroded soil material, and its occurrence 
in the CM5 core may tentatively be ascribed to the same cause. 

8.3 P2Arade 

Due to the nature of the sedimentary record, the P2 core contains two distinct palynological 
assemblages pertaining to two discrete time periods. The radiocarbon dates from P2 suggest 
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a very rapid sedimentation rate in the lower part of the core and suggest that P2-I spans a 
period of around 600 calibrated years between c. 8300 and 7700 cal BP. During this period, 
the overall palynological assemblage is fairly stable. Some important trends are noted, 
however. The age for the uppermost two samples (P2-II), is suggested to be around 5200 
cal BP. In terms of the content of dry ground pollen, these samples present a marked contrast 
to P2-I. 

Samples from the lower part of the core (P2-I) show high frequencies of deciduous Quercus, 
Q. suber and Q. coccifera types, and moderate frequencies of Olea, Phillyrea axi&Pistacia. 
These taxa display fairly stable concentration values, and suggest a well-developed regional 
oak forest with evergreen thickets occurring in dry areas of the landscape and on thin soils. 
Frequencies of Pinus decline steadily from high values towards the base (P2-Ia), a trend 
which is observed also in the concentration values. Percentage and concentration values 
for Sum Ericaceae show a slight increase from P2-Ia to P2-Ib. A possible explanation for 
these trends is a decline of pinewoods and replacement by open pine-heath in lowland 
areas. 

The pollen assemblage of P2-II is characterised by changes in all the major dry ground taxa 
relative to P2-I. Frequencies of Pinus, Quercus suber and Q. deciduous types, Olea, Phillyrea 
axi&Pistacia are reduced, while Cistaceae and Ericaceae (notably Calluna vulgaris) display 
increased percentage values. Frequencies of Quercus coccifera type remain high. As 
discussed for the upper part of the CMS sequence, the discrepancy between the Quercus 
types may relate to the different growth habits displayed by Q. coccifera and its regenerative 
capabilities following cutting. The first occurrence of Myrtus is recorded. These changes 
suggest significant alterations in the regional vegetation cover in the intervening period 
between P2-I and P2-II. A reduction in both pinewoods and oak forest is suggested, with 
widespread replacement of forested areas by tall scrub formations of Q. coccifera and 
Myrtus, Cistus scrub and ericaceous heaths. The marked reduction in forest and woodland 
taxa between P2-I and P2-II suggests a major phase of deforestation prior to 5200 cal BP. 
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Moreover, the evidence for a range of scrub and heath habitats in P2-II is considered to 
reflect widespread anthropic pressures in the Arade basin through grazing and burning. 

In contrast with the dry ground pollen assemblage, changes in the wetland landscape appear 
to have been more moderate. Overall, the wetland pollen assemblage suggests pollen input 
from saltmarshes in the estuarine domain with Asteraceae (Lactucae), Chenopodiaceae, 
Aster type, Poaceae and Cyperaceae, and from riparian woodland withyf/nus' andFraxinus. 
Riparian woodland is more strongly represented than at the CM5 site, with high values for 
Alnus in particular, suggesting a localised development of riparian carr vegetation in the 
tributary valleys. As discussed for CMS, the occurrence of Vitis pollen probably reflects 
wild vines growing in the riparian woodlands. Apollen component from shallow, seasonally 
flooded ground is also recorded with Isoetes and Pilularia globulifera. Inevitably, the 
juxtaposition of wetland pollen types of different habitats reflects the contribution of multiple 
pollen source components mixed in the tidal water body. Substantial differences between 
P2-I and P2-II are not observed for the wetland pollen types, suggesting that the vegetation 
of the local environment did not undergo significant changes. An increase in indeterminate 
pollen grains and a considerable decrease in pollen concentration reflect changes in the 
sedimentary environment. 

Of non-pollen microfossils, only the dominant estuarine dinofiagellates Lingulodinium 
machaerophorum and Spiniferites sp. are recorded consistently. The two types show a 
negative affinity, with L. machaerophorum dominance giving way to increased abundance 
of Spiniferites sp. This negative aflhnity has been recorded in estuarine sediments from the 
Atlantic coast of Brittany (Morzadec-Kerfoum, 2003), and is considered to reflect the greater 
tolerance of L. machaerophorum for nutrient-rich waters of the fluvial estuarine domain. 
Following this interpretation, the changing dominance observed in the P2 sequence may 
reflect a transition from fluvial to open estuarine conditions over the course of biozones 
P2-Ia to P2-Ib. 
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8.4 P5 Boina 

The P5 core contains a pollen record which more or less parallels that of the P2 core from 
the neighbouring Arade valley. With the exception of the uppermost sample, the pollen 
record is characterised by high frequencies of Quercus, Olea, Phillyrea axiAPistacia pollen, 
with a small component of Cistaceae and Ericaceae pollen. However, some significant 
transitions are recorded in the period from c. 8200-3400 cal BP. 

In P5-I, high frequencies of Pinus, Quercus spp., Olea, Phillyrea andPistacia are recorded, 
probably reflecting a forested landscape in the Boina basin. The different taxa probably 
correspond to different thermal, pluvial and edaphic zones, with Pinus woodland on dry, 
sandy soils in the littoral zone, woodland and thickets of evergreen, sclerophyllous taxa {Q. 
coccifera type, Olea, Phillyrea, Pistacia) in the dry lowland areas, and semi-evergreen 
oaks (represented by Quercus (excl. coccifera type)) in the higher, moister areas of the 
basin. Low frequencies of Cistus and Erica pollen plants probably reflect a woodland 
understorey component. 

Erom c. 8000 cal BP (P5-IIa) a marked reduction in Pinus percentage and concentration 
values suggests a decline in pinewoods. In contrast, populations of Quercus spp., Olea, 
Phillyrea and Pistacia continue without decline. Peak values for Q. coccifera type are 
observed, which may reflect either dry forest with Q. rotundifolia or shrubs and small trees 
of Q. coccifera. In contrast, high values of Quercus (excl. coccifera type) probably reflect 
a maximum development of evergreen and semi-evergreen oaks {Q. suber, Q.faginea, Q. 
canariensis) in the sub-humid upland areas of the Boina basin. 

After c. 7210 cal BP (P5-IIb), frequencies of Q. coccifera type, Phillyrea and Pistacia 
decline. The affinity in the curves for these taxa suggest that they represent a common 
vegetation community, probably a lowland vegetation of mature thickets of tall shrubs and 
small trees occurring on the limestone slopes surrounding this part of the Boina valley. The 
decline in these taxa is accompanied by small expansions of Cistus scrub {Cistus ladanifer/ 
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populifolius type) and heaths. These changes suggest the development of patches of more 
open scrub vegetation. However, continued strong representation of Quercus (excl. coccifera 
type) suggests that these changes were not of widespread impact across the Boina basin, 
particularly in the upland areas. 

In contrast, the sample from the upper part of the core (505 cm, 3740 cal BP) provides an 
indication of much more extensive vegetation changes. Arboreal pollen types, Pinus and 
Quercus (excl. coccifera type), are poorly represented, as are the evergreen sclerophyllous 
taxa Olea, Phillyrea and Pistacia. In their place, populations of shrub species, notably 
Ericaceae and Cistus spp., and open ground ruderals Plantago lanceolata and Rumex 
acetosella are strongly represented. These changes suggest a major reduction in the extent 
of both oak forests and mature shrub communities of sclerophyllous taxa such as Pistacia. 
In common with the records from cores CM5 and P2, evidence for major forest reduction is 
accompanied by the appearance ofMyrtus in the pollen record. As discussed for CM5, this 
is considered to reflect a new role for Myrtus as a taxon of scrub vegetation as opposed to 
woodland understorey, possibly associated with increased efficiency of pollen dispersal. 
The record of Tuberaria guttata in this sample attests to the presence of highly degraded 
areas of scrub vegetation. Overall, the major changes probably reflect widespread human 
impact in terms of deforestation and grazing pressures across the Boina catchment. 

The P5 core also records some important changes in the wetland vegetation during the 
period of transgression at the site. As in the CM5 and P2 records, the diversity of wetland 
pollen types indicates the transport of pollen from a number of different habitats, of which 
saltmarsh and riparian woodland are particularly well represented. The more marked changes 
which occur in the records for certain pollen types, notably Alnus, Isoetes undiff., 
Chenopodiaceae and Poaceae, are likely to be related to hydrographic changes in the Boina 
valley. In P5-I, a maximum development of riparian woodland is recorded, with Alnus, 
Salix, Fraxinus and Ulmus. In P5-IIa and Ilb, frequencies of Alnus pollen show a gradual 
decline. Because other arboreal riparian taxa {Fraxinus, Salix) do not show the same pattern 
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of diminishing values along the core, it may be that Alnus woodland was fairly localised, 
occupying the low-lying areas of the valley and giving way to more open conditions with 
progressive drowning of the area. The decline of Alnus in the wetland environment parallels 
that of Pinus on dry ground. While the two types represent different parts of the landscape 
— Alnus in fluvial freshwater wetlands, Pinus on sandy soils and stabilised dunes — both 
trees may have been adversely affected by changes in the littoral zone during the Holocene 
transgression. The pollen curve for Alnus contrasts with that of Isoetes undiff, which 
increases up core from P5-I to P5-IIb. This contrast probably reflects a declining contribution 
from dense carr vegetation on organic rich substrates and an increased contribution from 
open herbaceous swards on mineral rich substrates. The change, reflecting sedimentary 
conditions in the local environment, may have been occasioned by progressive drowning 
of the Boina valley. 

Only two dinoflagellate taxa were observed in the P5 samples, the dominant estuarine 
dinoflagellates Lingulodinium machaerophorum and Spiniferites sp.. These taxa show a 
slight negative affinity, with frequencies of L. machaerophorum higher near the base of the 
sequence and of Spiniferites sp. towards the top. This pattern is comparable to that observed 
in the P2 core, and may suggest a similar hydrological development related to the evolution 
of the combined Boina-Arade estuary, with progressively more open estuarine conditions 
being established during the course of transgression. 
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9 Integration 

In the following sections an interpretation of changes in the sedimentary environments is 
proposed on the basis of the combined information from the core descriptions, sedimentary 
analyses and pollen analysis. This is followed by an outline of regional vegetation history 
based on the new pollen evidence. 

9.1 Estuarine evolution and environments of deposition 

9.1.1 Beliche-Guadiana (Core CMS) 

Table 9.1, showing the summary of sedimentological and palynological findings from the 
CM5 core, and Figure 9.1, showing pollen data plotted against age, accompany the following 
interpretations of palaeoenvironmental changes in the Guadiana estuary. 

9.1.1.1 Pre-estuarine fluvial sediments (CM5s-1; prior to 13,000 cal BP) 

The gravelly basal fill (lithozone CM5s-l), composed of coarse sands and rounded fragments 
of basement rocks, indicates deposition under a highly energetic fluvial regime. The coarse 
clast sizes and heterogeneous composition suggest a braided river setting subject to a flashy 
flow regime and characterised by the frequent migration of small channels. The presence 
of lenses of charcoal and plant detritus indicate the deposition of terrestrial detritus in flood 
deposits. The predominance of rounded greywacke and schist cobbles indicates that most 
of the coarse clastic material could be derived from local bedrock lithologies outcropping 
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Table 9.1. Summary of sedimentological and palynological findings from core CMS. 
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Figure 9.1. CMS pollen percentage data plotted against age (cal BP). 
Sample ages calculated on the basis of the age-depth model proposed in 
chapter 5 (Figure 5.1). 
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within the drainage catchment of the Beliche tributary. However, the rare presence of 
fractured quartzites indicates transport of some of the fill material over longer distances 
from more continental areas. In the Guadiana setting, quartzites indicate recycling of material 
from ranas (Boski et al, 2002), continental surface deposits of Plio-Pleistocene age that 
cover wide areas of the Pliocene planation surfaces of the Iberian peninsula (Espejo, 1987). 
Although not directly dated, radiocarbon dates from overlying zones indicate that CM5s-l 
was deposited during the Pleistocene. 

Although not directly dated, similar deposits have been previously recorded and some 
information is available that helps to constrain their age. A gravelly layer composed of 
recycled quartz pebbles and basement rock fragments is recorded at the base of four cores 
and several destructive drillings in the Guadiana estuary, reaching thicknesses of up to 45 
m in the deepest part of the palaeovalley (Boski et al. 2002). Seismic stratigraphy reveals 
that the surface of the gravels can be traced throughout the Guadiana valley, and show 
morphological characteristics associated with subaerial exposure and erosion (Lobo et al. 
2003). Comparable deposits are recorded from nearby estuaries of the Gulf of Cadiz (Borrego 
etal., 1999; Dabrio etal, 2000). Radiocarbon dates ofc. 25,000 to 30,000 '"‘C bp for wood 
fragments from the basal fills of the nearby Odiel estuary have been obtained (Dabrio et al. 
2000) indicating deposition prior to the Last Glacial Maximum. This suggests that these 
fluvial fdls correspond with the sea-level highstand of Isotope Stage (IS) 3 (Boski et al., 
2002; Lobo et al., 2003). The Last Glacial Maximum (LGM), in contrast, was a period of 
sediment bypassing and down-cutting with the rivers of southwest Iberia reaching a peak 
of eroding capacity associated with a mean sea-level c. 120 to 140 m lower than present 
and a coastline located c. 10 km offshore at the shelf margin (Dias et al., 2000). The depth 
of the gravel surfaces therefore reflects the inherited palaeorelief following the Last Glacial 
Maximum. 

9.1.1.2 Fluvial-estuarine transition (CM5s-2, s-3; 13,000-11,900 cal BP) 

The lower part of the CM5 core (CM5s-2, s-3) contains sediments of Late-glacial age 
which attest to a transition between fluvial and estuarine conditions at the core location. 
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The onset of sedimentation at c. 13,000 cal BP is considered to reflect a change in base- 
level under a regime of eustatic sea-level rise related to deglaciation (Dias et al, 2000). 
Rapidly rising sea-level during the period 13-11 ka '"‘C (-15,000-13,000 cal BP) drowned 
the terminal segment of the Guadiana river valley, effecting a transition from sediment 
bypassing under a fluvial regime to sediment trapping and accumulation. The approach of 
sea-level to around 50 m below present level would have brought the CM5 location within 
the domain of tidal influence. The coastline and estuary mouth, however, would have been 
located c. 20 km from the Beliche tributary (Dias et al, 2000). 

In contrast with the underlying gravel fill, CM5s-2 is composed primarily of fine-grained 
sediments, indicating the general conditions of a low energy sedimentary environment. 
Particle size analyses indicate an overall calm depositional environment dominated by 
settling processes. The zone is punctuated by evidence for periodic flood events. Discrete 
laminae of fine sand suggest the recurrence of low magnitude flood events. A thin layer of 
sand overlying an abrupt contact at 4740cm provides evidence of an individual flood event 
possibly accompanied by erosion. In addition to sands, flood events are likely to have been 
the source of allochthonous organic matter, represented by charcoal lenses, which occur in 
some parts of the zone. Small schist fragments at the base of the zone are likely to have 
been reworked by fluvial action from the underlying gravel fill. 

The interlamination of sands and silts indicate a generally calm environment associated 
with settling processes was subject to recurrent flood events bearing coarser sediments and 
organic material. The occurrence of episodic alluviation within a marsh environment explains 
the presence of loading structures in several layers within the zone. Loading structures 
occur where relatively dense sand layers are deposited onto unstable soft sediments of 
lower density causing post-depositional deformation of the underlying layer. Loading and 
deformation structures suggest bursts of sedimentation (Lajeunesse & Allard, 2002), and 
are consistent with the interpretation of the sandy layers within the zone as flood deposits 
which settled rapidly onto the surface of fine-grained marsh deposits. The environmental 
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setting for this zone is considered to be an alluvial marsh environment located on the 
landward fringes of the developing estuary. In terms of the sedimentary characteristics, 
CM5s-2 is comparable to the fluvial floodplain facies described for the Huelva coast (Pendon 
et al, 1997), which is observed today in the fluvial estuarine domain in areas subject to 
inundation by fluvial floodwaters and occasionally by high tides. 

Wetland pollen types suggest a transition from a more freshwater floodplain vegetation 
with Apiaceae, Poaceae and Cyperaceae towards a halophytic vegetation dominated by 
Chenopodiaceae, Artemisia and Armeria/Limonium. This trend may indicate increasingly 
brackish conditions related to a gradual increase in tidal flooding. However, the interpretation 
of the halophytic pollen types may be complicated during this Late-glacial period by the 
contribution of Chenopodiaceae and Artemisia from steppe vegetation. However, the 
presence of dinoflagellates from the base of lithozone CM5s-2 indicates a contribution of 
sedimentary particles from tidal waters, and these show an increases towards the top of 
lithozone CM5s-2, supporting the view of increased tidal influence. The interpretation of 
the environmental setting as a marsh of fluvial/alluvial sedimentary character but with 
indications of tidal influence (in terms of the vegetation and dinoflagellates) is consistent 
with that predicted by general models of estuarine evolution (Roy et al., 1980; Dalrymple 
et al. 1992) for the oldest deposits of a transgressive sequence. These models predict a bay- 
head delta within the fluvial estuarine domain, characterised by sediments of generally 
fluvial character but with indications of marine influence. 

The transition from lithozone CM5s-2 to CM5s-3 represents a shift towards higher energy 
depositional conditions. The sediments display evidence of tidal action with interbedded 
sands and clays including sections of flaser-type bedding of clay drapes within fine sands. 
Flaser bedding results usually, though not exclusively, from the action of tidal currents and 
associated energy fluctuations (Reineck & Wunderlich, 1968; Frey and Howard, 1986), 
with clay drapes deposited between sand layers at times of slack water between the flood 
and ebb tides. The preferred environments are intertidal zones where alternations occur 
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between slack and turbulent water and where a range of sediment sizes are present (Reineck 
& Wunderlich, 1968). Although distinctive of tidal environments, flaser bedding may occur 
in a number of different estuarine sub-environments including sandy or mixed intertidal 
flats (Dalrymple 1992), tidal bars (Femes & Tastet, 1998) and channels. In the modem 
estuary of the Guadiana, flaser bedding is associated with shallow sub-tidal channels in 
lateral areas of the central estuary (Borrego et al, 1995). Here flaser and wavy bedding 
forms are characteristic features of a shallow-channel facies comprising finer sands (up to 
3.5 phi) interbedded with silty-argillaceous sediments consisting of grain sizes associated 
with flocculation (Borrego et al, 1995; 160). Fine ‘flame’ and ‘dyke’ stmctures are also 
observed in the lower part of CM5s-3. These post-depositional sedimentary stmctures arise 
from the injection of high-porosity, low-density sediments, (typically clays) into overlying 
sediments of low-porosity and high-density (typically sands). The presence of these 
stmctures indicates bursts of coarse-grained sedimentation and provide additional evidence 
of a sedimentary setting characterised by high-energy fluctuations. 

Both CM5s-2 and CM5s-3 are distinct from the overlying sediments in terms of magnetic 
susceptibility properties. They display high values for%|j.and significant values for (>2%), 
which are broadly associated with the input of sand sediment fractions. These high values 
are considered to reflect the input of terrigenous ferrimagnetic minerals associated with a 
coarse sediment fraction, and probably relate to conditions of high sediment supply from 
slope sediments and soils via the fluvial system. 

The preservation of laminations and bedding features in zone CM5s-3 suggests low levels 
of biological activity and the absence of bioturbation; this is to be expected for a sandy 
environment subject to frequent sediment movement (Dalrymple, 1992). Shells are absent, 
and the zone is generally poor in organic matter although some detrital plant matter is 
contained within the fine-grained layers. Very low pollen concentration suggests that 
vegetation was not well developed in the immediate local area or that winnowing of pollen 
occurred under current action; both possibilities relate to current activity and shifting 
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substrate at the site. High abundances of Chenopodiaceae, Artemisia and Aster type pollen 
represent aridity and salinity tolerant vegetation, and may reflect salt marshes in the Guadiana 
valley. However, the low pollen concentration and coarse, fluvial sediment supply suggest 
that the source areas for these pollen types may extend beyond the wetland zone, representing 
a signal of widespread arid conditions. 

CM5s-3 represents a high-energy, current-dominated environment with tidal influence and 
low biological activity. Without evidence from multiple boreholes, it is not possible to 
determine whether the interbedded sands recorded in this zone are a relatively localised 
phenomenon related to channel influence at the core location or whether they are 
characteristic of hydrodynamic changes in the wider fluvio-estuarine setting. However, 
some information suggests that the changes in depositional environment between CM5s-2 
and CM5s-3 may be related to wider sedimentary patterns. The estimated period of deposition 
for this unit is 12,580-11,880 cal BP, constrained by a radiocarbon date within the zone and 
dates from the overlying and underlying zones. This places the time of deposition during 
Greenland Isotope Stadial 1 (GS-1, Bjorck et al, 1998) or the Younger Dryas (YD) 
chronozone (Mangerud et al, 1974). Evidence from the Portuguese shelf suggests that the 
YD was characterised by the transport of large volumes of coarse sediments to the shelf, 
reflecting enhanced sediment supply and renewed river erosion of the sedimentary infill of 
estuaries (Rodrigues et al, 1991, 2000; Gonzalez et al, 2004). Worldwide, a decline in 
deglacial meltwater contribution led to a decrease in the rate of eustatic sea-level rise 
(Fairbanks, 1989; Flemming et al, 1998), although different models have been proposed 
for whether sea-level continued to rise during this period, or whether a mid-deglacial pause 
in ice volume loss, or even a mid-deglacial reversal with significant ice regrowth occurred. 
Dias et al. (2000) propose a 20 m fall in sea-level on the Portuguese coast for the YD (from 
-40 to -60 m relative to present sea-level), based on studies of offshore geomorphological 
features. A fall in base-level of this magnitude does not accord with the CMS record, which 
contains tidal sedimentary structures and estuarine dinoflagellates (Lingulodinium 
machaerophorum and Spiniferites sp.) in CM5s-3 at about 40 m below present sea-level. 
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However, a minor fall or stabilisation in sea-level during the YD at around 40 m below 
present sea level is not ineonsistent with the CMS record, and may underline changes in 
channel activity at that time. Also, increased coarse sediment supply related to a reduced 
vegetation cover and an arid climate regime (discussed in the next section) may have had 
widespread impact on sedimentation regimes in fluvio-estuarine environments at this time. 

The deposits of CM5s-2 and s-3 are unusual because drowned fluvio-estuarine environments 
of Late-glacial age are typically located offshore. There are few comparative records for 
this part of the sequence. Core CM2 (Boski et al ., 2002), located in a confined sector of the 
Guadiana estuary and distant from the main estuarine channel, contains aim thick layer of 
fine, micaceous sand overlying basal gravels. Unidentified shell material within this layer 
has been dated to 10,130 ± 200 '^'C bp, suggesting a possible deposition during the YD 
chronozone. This layer is located at a depth of only about 9 m below sea-level, and therefore 
corresponds to a fluvial environment of a small tributary, located at a higher altitude than 
the CM5 site in the Beliche tributary. A stratigraphic ally and lithologically similar layer 
(but without radiocarbon date) is also observed in core CM4, located in the prograding 
delta area of the Guadiana estuary mouth (Boski et al, 2002). If of YD age, this deposit 
also corresponds to a fluvial environment, being situated at about 14 m below sea-level. 
Combined with evidence from CM5s-3, these fragmentary records may indicate that a thin 
layer of sands was deposited in the estuary and its surrounding valleys during the YD, most 
likely related to enhanced sediment supply. 

9.1.1.3 Early Holocene transgression (CM5s-4; 11,900-9000 cal BP) 

The upper part of the CMS sequence contains fine-grained sediments deposited under a 
low energy sedimentation regime that prevailed at the site throughout most of the Holocene. 
Lithozone CM5s-4 is a thick (c. 20 m) deposit of homogeneous, minerogenic silts, which 
accumulated at a rate of about 7mm/yr, i.e. paced by eustatic sea-level rise. Particle size 
analysis indicates the dominance of a population of grain sizes associated with aggregation 
processes and the virtual absence of a medium or coarse sand fraction. These characteristics 
suggest a sheltered intertidal setting. The virtual absence of sands coarser than 3 phi indicates 
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a minimal contribution of bedload material. This relates to a greatly reduced fluvial influence 
at the site, and a weak influence of tidal currents. The dominance of fine grain sizes associated 
with transport in suspension may also reflect the proximity of the turbidity maximum within 
the Guadiana estuary during this period, resulting in a high degree of sediment sorting and 
large supply of fine suspended sediment to marginal fiats and marshes. This would be 
consistent with the landward intrusion of the saline water body during the transgressive 
phase, and with a sedimentary location in the inner area of the estuary (Hewlett & Bemie, 
1996). 

Although shells are not present in the sediments, traces of bioturbation provide an indication 
of biologically active conditions typical of low-energy estuarine environments with 
burrowing by annelids or crustaceans. Thin, discrete peaty layers indicate the recurrence of 
stagnant conditions in shallow brackish or freshwater ponds occurring on the marsh surface, 
possibly associated with short periods of reduced sedimentation rate and/or freshwater 
influence. Reduced values relative to CM5s-2/3 and a neglible superparamagnetic 
component <2%) may indicate a reduced detrital mineral component of fluvial origin. 
However, the sedimentary characteristics of high sedimentation rate and presence of iron 
sulphides indicate of a reducing environment with the potential for rapid post-depositional 
dissolution of ferrimagnetic minerals. 

Low percentages and concentrations of Chenopodiaceae, Poaceae and Aster type pollen 
suggest that local vegetation was not dominated by the typical halophytic flora associated 
with saltmarshes in the intertidal and supratidal zones of the modern estuary. Instead, an 
assemblage dominated by Isoetes, Ophioglossum and Cyperaceae suggests a wetland 
vegetation of fresh to brackish conditions and an unstable minerogenic substrate subject to 
periodic drying out. Low concentration of all pollen types except Isoetes and Asteraceae 
(Lactucae), combined with low organic matter content, suggest a sparsely vegetated or 
non-vegetated sediment surface, i.e. a mud-flat environment. High concentrations of 
Asteraceae (Lactucae) grains and a modest contribution of rebedded trilete spores may be 
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indicative of recycling of palynological material within the estuary and reworking from 
alluvial sediments. 

The onset of silty sedimentation in CM5s-4 is considered to reflect renewed transgression 
and rapid submergence of the Guadiana valley at the start of the Holocene. The sedimentary 
changes suggest an areal expansion of the Guadiana estuary and a landward shift of the 
fluvial-dominated estuarine zone. The evidence for rapid sedimentation fits well with the 
proposed rapid sea-level rise for the early Holocene (Dias eta/., 2000). These interpretations 
are also consistent with general models for estuarine sedimentary response to transgression, 
which predict the deposition of fine-grained sediments in the central part of the estuarine 
basin during the transgressive phase (Roy et al, 1980; Dalrymple et al, 1992; Allen & 
Posamentier, 1993). This transgressive sedimentary phase in the CMS core corresponds 
with a period of generally fine-grained sedimentation in the central area of the Guadiana 
estuary, as recorded in the sediment record from destructive drillings (Figure 2.5, Unit 2, 
Boski et al., 2002). 

9.1.1.4 Mid-to late Holocene estuarine infilling (CM5s-5; 9000-2160 cal BP) 

At c. 9000 cal BP, a number of distinct changes in the local environment are recorded in 
both sedimentary and biotic parameters. Although changes in sedimentation rate may have 
occurred during the transition from CM5s-4 to s-5, long-term average sedimentation rates 
of 7 mm/yr were maintained until c. 7000 cal bp. At c. 9000 cal BP, a change from a 
sheltered to relatively open estuarine sedimentary environment took place. The sediments 
continued to be dominated by a population of fine-grained sediments associated with the 
deposition of fiocculated/aggregated particles from suspension, indicating that settling 
conditions prevailed at the site. However, CM5s-5 is distinguished by increased quantities 
of sand (medium sand, 3-2 phi). These minor peaks in sand content were probably 
transported to the site via tidal currents, being derived from bedload material in the main 
estuarine channel and tidal creeks. Sand may also have been recycled across the sediment 
surface by the rapid migration of small ebb channels; this is characteristic of the surface of 
marshes and fiats in the modern estuary (Borrego et al, 1995). 
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CM5s-5 is also relatively rich in both intact and fragmented shell material, probably reflecting 
a mixture of in situ preservation and detrital sources. An open connection with marine- 
influenced waters is suggested by peak dinoflagellate abundance and diversity (including 
shelf taxa), and by peak values for carbonate content, which is considered to reflect 
predominantly biogenic sources. These indications for increased influence of the marine 
water body suggests that the sand in this section of the core may be of mixed fluvial/marine 
origin, derived in part from the Guadiana shelf area. Reduced fluvial supply of coarse¬ 
grained ferrimagnetic minerals may underline very low values for magnetic susceptibility 
in this zone. However, it is considered likely that significant post-depositional diagenesis 
occurred, with a dissolution of ferrimagnetic minerals and the production of paramagnetic 
minerals by way of pyrite formation. 

The particle size distribution, presence of benthic shell fauna, increased channel activity 
(shell detritus and sand content) and increased marine influence suggest a low-energy tide- 
dominated environment. Similar characteristics are described for sedimentary facies of the 
modern Guadiana estuary occurring in an intermediate position between channel and 
saltmarsh, described variously as a “muddy tidal-flat facies” (Morales, 1997) or “channel 
margin” facies (Borrego etal, 1995). The term channel margin is used by the latter authors 
because classic, low-gradient, extensive tidal flats are not developed within the Guadiana 
estuary. High organic matter content relative to CM5s-4 suggests that the sediment surface 
may have been vegetated, promoting trapping of organic debris. The abundance of Poaceae, 
Cyperaceae and Aster type pollen suggest a predominant wetland vegetation of low or 
pioneer saltmarsh, with species such as Spartina maritima and Scirpus maritimus. 

The evidence for maximum marine influence (dinoflagellate, shell, carbonate content) 
suggests that the period 9000-5200 cal BP saw the maximum landward expansion of the 
Guadiana estuary and the intrusion of the marine-estuarine domain inland as far as, or 
beyond, the Beliche tributary. The pollen record suggests that this expansion of the estuary 
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was accompanied by a diversification of wetland habitats, including colonisation of river 
valleys by riparian woodland. 

The age-depth profde for the CM5 sequence suggests a significantly reduced rate of long¬ 
term average sedimentation from around 7000 cal BP. This decline is consistent with the 
transition from the Holocene sea-level transgression to highstand phases. Perhaps 
surprisingly, this decline in sedimentation rate is not accompanied by direct changes in 
sedimentary characteristics. In the pollen record, a possible indication of the sea-level 
deceleration is recorded in an expansion of halophytic vegetation (Chenopodiaceae) 
reflecting a period of saltmarsh development between c. 7760 and 7350 cal BP. This 
development may relate to stabilisation and aridification of marsh surfaces contemporaneous 
with the earliest phase of barrier progradation along the Gulf of Cadiz coasts (Zazo et al, 
1994). However, this period is associated with changes in the dry ground vegetation which 
are difficult to interpret (discussed below), and the causes for changes in the pollen record 
during this phase are not clear. 

From c. 5200 cal BP, major increases in Chenopodiaceae pollen and a reduced pollen 
contribution from moisture-dependent taxa such as Cyperaceae and Isoetes indicate the 
expansion of upper or mature saltmarshes, characterised by high salinity and evaporative 
aridity. This expansion probably relates to the progressive infilling of the estuary, and a 
change from vertical accretion to prograding sedimentation in marshes of the tributary 
valleys. The development of saltmarshes corresponds with major changes in the vegetation 
cover in dry ground environments, accompanying evidence for deforestation and the 
extension of shrublands. The infilling process is considered a natural progression in the 
evolution of a drowned valley, leading ultimately to sediment bypassing and delta formation 
(Roy et al, 1980; Heap et al, 2004). However, increased sediment supply as a result of 
disturbance and reduced vegetation cover may have promoted the infilling process. 
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While the transition at c. 9000 cal BP from sheltered to open tidal conditions may be related 
to the crossing of a local threshold, for example the breaching of a levee or tidal bar structure, 
evidence from other borehole locations in the Guadiana suggests a more widespread 
transition to tide-dominated conditions and sandy sedimentation (Boski et al, 2002). This 
is observed in the cross-section of destructive drillings (Figure 2.5, Unit 3). 

9.1.1.5 Late-Holocene saltmarsh and soil development (CM5s-6; 2160 cal BP to 
present) 

In CM5s-6, signs of oxidation, including sediment reddening and the deterioration of shell 
material, indicate an elevation of the sediment surface relative to the tidal frame. Oxidation 
is typical of saltmarsh deposits occurring above mean high water (Pendon et al, 1998). 
While a process of terrestrialisation is recognised in the pollen record of saltmarsh 
development from c. 5200 cal BP, these sedimentary changes are not recorded until c. 2160 
cal BP. This may reflect a process of terrestrialisation beginning at the fringes of the valley 
and progressing towards the core location. The uppermost 90 cm of the core display the 
development of a soil surface, indicating conditions of low frequency of tidal flooding and 
reduced sedimentation which characterise the modem supra-tidal saltmarsh environment 
at the core location. This final sedimentary phase at the CM5 site corresponds with a period 
of rapid deltaic progradation at the Guadiana estuary mouth under regime of sediment 
bypassing of the infilled central estuarine sector (Morales, 1997). 

9.1.2 Boina-Arade estuary (Cores P2 and P5) 

In terms of the sedimentary sequences, the P2 and P5 cores show a number of important 
similarities related to the development of the combined Boina-Arade estuary. The 
developmental stages of the two sequences are considered in parallel; age ranges for these 
stages are broadly defined, accommodating differences on the order of a few centuries 
between the sites. Sedimentological and palynological findings are summarised in Table 
9.2. 

9.1.2.1 Pre-Holocene fluvial sediments (P2s-1, P5s-1; prior to 8,500 cal BP) 

Coarse gravels compose the basal fill of both the P2 and P5. The coarse composition and 
varied clast sizes (coarse sand to cobbles) indicate transport under high energy conditions. 
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Table 9.2 Summary of sedimentological and palynological findings, Boina-Arade estuary 


probably associated with an episodic or flashy fluvial regime. The prevalence of greywacke 
lithologies suggests the fill material was derived predominantly from the Palaeozoic bedrock 
which outcrops over wide areas of the Boina and Arade basins. In the P2 core, the morphology 
of the gravels (generally angular and of low sphericity) in part reflects the platy structure of 
Serra metasediment lithologies. It also suggests, however, that the fill material was not 
subject to transport over long distances, and perhaps incorporates material of colluvial or 
slope-derived origin. In contrast, the P5 basal fill contains more polished clasts, including 
occasional fragments of lamprophyre and syenite indicating transport from upstream areas 
of the catchment on the Monchique massif. This contrast may reflect the difference in 
gradients between the two rivers, with greater transport capability in the higher gradient 
Boina river. The coarse deposits which occur at the base of both cores represents the gravel 
fill which occupied the valley floor of the Arade and Boina rivers during the previous sea- 
level lowstand, and which may have been subject to phases of erosion, reworking and 
redeposition. As in the Guadiana valley, the depth of the gravel surfaces is considered to 
reflect the inherited palaeorelief of the valleys following the Last Glacial Maximum. 
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The uppermost 85 cm of the gravelly deposit of the P5 core (P5s-1) are rich in clay and 
show signs of intense weathering, and may represent a palaeosol developed on the fluvial 
valley fill. This interpretation is proposed in light of the evidence of a highly reddened 
colour, very strong magnetic susceptibility with significant values for frequency dependent 
susceptibility, an unusual polymodal particle size distribution including a significant 
component of very fine clays (<9 phi). The only palynomorphs recovered from this unit 
were degraded trilete sporomorphs, consistent with the interpretation of an environment 
characterised by subaerial exposure and oxidation processes. 

9.1.2.2 Fluvial-estuarine transition (P2s-2, P5s-2; c. 8500-8000 cal BP) 

Extrapolation from radiocarbon dates indicates that renewed sedimentation began prior to 
8300 cal BP at the P2 location in the Arade valley, and c. 8200 cal BP at the P5 location in 
the Boina valley. The onset of sedimentation during the Holocene at the two sites is 
considered a common response to inundation of the Boina-Arade palaeovalley by sea-level 
rise and the consequent creation of accommodation space. The earlier onset of sedimentation 
at the Arade site reflects the lower altitudinal position of the surface of the basal gravel fill 
at this site (1925 cm vs. 1614 cm). (Depths are relative to the modern surface, which at 
each site lies within the modem intertidal range c. Im above mean sea-level; precise 
correlation of the surface altitudes is not available.) In the lower core sections, both sites 
present evidence for a transitional phase from fluvial to estuarine conditions with intercalated 
coarse- and fine-grained sediments. 

In core P2 (Arade valley), lithozone P2s-2 suggests an alluvial marsh environment under 
tidal influence. Alternating layers of sandy and fine-grained sediment, in parts showing 
fine-scale laminations, suggest variable energy conditions associated with periodic 
inundation. Input of terrigenous detrital material is recorded in the presence of fine 
accumulations of carbonised plant fragments, and is also suggested by higher values for 
magnetic susceptibility near the base of the sequence. Indications of oxidation in some of 
the sandy layers suggest episodes of subaerial exposure, while thin peaty layers suggest 
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periods of wetter conditions, occurring for example in shallow temporary pools. Towards 
the top of the zone, sedimentary structures in the form of branching cracks may represent 
either root casts or desiccation features, indicating a phase of stabilisation and either 
vegetation or exposure of the sediment surface. At 1832cm, an irregular contact indicates 
an erosional event. The discrete lines of evidence for episodes of inundation, subaerial 
exposure, stabilisation and erosion suggest an environmental setting of an alluvial marsh 
or floodplain. Low carbonate content and the absence of shell material probably reflect 
conditions of strong fluvial/terrigenous influence and weak marine influence. 

In the P5 core, the P5s-l/2 boundary is an abrupt contact between the reddened fluvial/ 
palaesol deposit and the overlying silts. This contact may be a flooding surface formed by 
the ingress of tidal water into the valley (Allen & Posamentier, 1993). In this newly inundated 
setting, a series of intercalated fine- and coarse-grained deposits (P5s-2) were laid down, 
which display characteristic alternations in organic content and magnetic susceptibility. 
The alternations in grain size and other sedimentary parameters is considered to reflect a 
dynamic sedimentary environment during a phase of transitional fluvial/estuarine conditions. 
Layers of clayey and sandy silts (P5s-2a, s-2c) display an estuarine character, with the 
presence of shell fragments, increased CaC 03 content, the dominance of fine grain sizes in 
the range 9 to 5 phi associated with flocculation and bioaggregation processes, and the 
presence of dinoflagellates. Pockets of fine sands within the muds are interpreted as low- 
energy tidal sedimentary structures (Reineck & Wunderlich, 1968). The silty layers reflect 
calm, settling conditions in a mud-dominated tidal environment. Layers rich in sands and 
gravels (P5s-2b, P5s-2d) indicate episodes of fluvial influence associated with high energy 
flood events or migration of the river channel. The combination of high mineral residue 
(low organic and CaC 03 content), high magnetic susceptibility and the dominance of coarse 
grain sizes is considered a strong signature of fluvial input of terrigenous sediments. This 
signature is best developed in the gravel-rich sediments of P5s-2b. The coarse grained 
sediments of P5s-2 are distinguished from true fluvial deposits by the presence of shells 
and shell debris, and in P5s-2d, by clay drapes and silt-sand ball sedimentary structures. 
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reflecting slack-water sedimentation and the action of tidal currents, respectively. Across 
P5s-2 as a whole, evidence for an increasingly estuarine character is shown in rising CaC 03 
content and increasing abundance of shell material. The depositional setting for P5s-2 is 
considered to be a deltaic environment located at the head of the developing estuary. 

Although pollen was not recovered from lithozone P2s-2, high frequencies of Alnus pollen 
with Fraxinus and Ulmus from lithozone P5s-2 (Boina valley) suggest a well-developed 
riparian woodland vegetation occupying the floodplain and terraces of the valley. A 
significant contribution from Chenopodiaceae and Poaceae also suggests a saltmarsh 
vegetation which must have been located in tidal areas of the developing estuary. 

The duration of this transitional phase at the P2 location is not constrained by the available 
radiocarbon data. However, the relatively thin depth of this deposit suggests that deposition 
time may have been fairly short, and that a fairly rapid and smooth transition from a fluvial 
to estuarine setting took place, being accomplished by c 8300 cal BP (P2s-2/3 boundary). 
In the Boina core, lithozone P5s-2 contains two radiocarbon dates, from which an 
accumulation time of around 200 cal yr is extrapolated. This estimate must be considered 
tentative given the episodic pattern of deposition suggested by the alternating fine/coarse 
sediments. Nevertheless, very rapid sedimentation is suggested. In contrast with the P2 
sequence, the rather thick and more complex sequence of intercalated deposits in the P5 
core suggests that the fluvial/estuarine transition was characterised by a more dynamic 
interaction of fluvial and estuarine processes. This contrast probably reflects the 
characteristics of the two valleys. The Boina river rises rapidly behind the core location, 
with a high-gradient and deeply incised valley, while the reaches of the Arade river upstream 
of the P2 core location are relatively broad and low gradient, corresponding to the 
geomorphological trough developed on the Silves series lithologies. The contrast in gradient 
and valley morphology underlines on the one hand a greater potential for coarse sediment 
transport by flash floods in the Boina, and on the other, a more open connection of the 
Arade valley with the sea. 
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9.1.2.3 Transgressive estuarine sediments (P2s-3, P5s-3; c. 8000-7000 cal BP) 

At both sites, the middle seetion of the eores eontain fine-grained deposits pertaining to 
open estuarine eonditions. At the P2 loeation in the Arade valley, a thiek deposit of shelly 
silts (P2s-3) provide evidenee for estuarine eonditions. The presenee of fine, undulating 
sand laminae relate to the aetion of tidal eurrents, with small quantities of sand transported 
under flood tides and buried beneath muds during the slaek water period (Dalrymple, 1992). 
Partiele size analysis indieates the predominanee of a population of fine grain sizes assoeiated 
with floeeulation/aggregation proeesses aeeompanied by small quantities of eoarser sands 
(3 phi and eoarser), suggesting an overall low-energy settling environment infiueneed by 
tidal eurrents. A mixture of intaet and fragmented shell material probably represents both 
an in situ estuarine benthie fauna and detrital material. Inereasing earbonate and shell eontent 
aeross the lithozone reflect the development of the local calcareous fauna and probably 
correspond to increasing marine influence across the zone. The environment of deposition 
for zone P2s-3 is considered to be an intertidal mudflat. The two available radiocarbon 
dates from this zone suggest very high sedimentation rates (up to 60 mm/yr) during this 
phase, exceeding the rate of sea-level rise. 

At the P5 location in the Boina valley, a similar deposit (P5s-3) of silty sediments is recorded, 
characterised by abundant shells, high CaCO^ content and rapid sedimentation rate (up to 
20 mm/yr). As in core P2, pockets and fine layers of sand within the sediments are indicative 
of low energy tidal currents. Gravel clasts, which are considered to reflect fluvial sediment 
supply, are generally absent although fluctuating sand content and magnetic susceptibility 
values suggest continued episodic contribution of coarse fluvial sediments. These 
characteristics also point to a tidal-fiat environment. 

This phase of predominantly silty sedimentation is considered to relate to the maximum 
expansion of the Boina-Arade estuary and the landward retreat of the fiuvially dominated 
inner areas of the estuary. The P5 core contains slightly stronger indications of fluvial 
influence, which again is probably related to the nature of the Boina valley, sediment supply 
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and fluvial regime. The high sedimentation rate observed at each site relates to the role of 
the estuary as a highly efficient sink for fine sediments during the transgressive phase. 

During this phase, wetland pollen types indicate a well-developed riparian woodland with 
Alnus and Fraxinus in the Arade valley. In the Boina valley, a decline in Alnus pollen 
frequencies occurs at the onset of the estuarine phase. The replacement oi Alnus by Poaceae 
and Isoetes suggests that Alnus woodland may have been fairly localised, occupying the 
low-lying areas of the valley and giving way to more open conditions with progressive 
drowning of the area. The pollen curve for Alnus contrasts strongly with that of Isoetes, 
which displays major abundance during the more developed estuarine phases at the site. 

9.1.2.4 Highstand conditions (P2s-4 & s-5, P5s-4 & s-5; post 7000 cal BP) 

The upper part of the P2 and P5 cores document marked changes in the depositional 
environments at both sites, with a switch to high energy conditions. Sedimentation trends 
at both sites suggest a deceleration in accumulation rate after c. 7000 cal BP, with long¬ 
term average sedimentation rates below 2 mm/yr. The exact timing of the transition from 
low to high energy environments is currently not well constrained. Radiocarbon dates are 
not available for the uppermost part of the fine-grained deposits (P2s-3/P5s-3), and the 
overlying lithozone boundaries may represent a major change in sedimentation rate. Also, 
the change in lithological characteristics suggests a major change in depositional regime, 
from gradual/ continuous to punctuated/ episodic. Also, the transition from a low- to high- 
energy environment may have resulted in erosion of the underlying deposits. 

In the P2 core, thick deposits of shelly sands in lithozone P2s-4a suggest a shift from low 
energy tidal conditions to higher energy current conditions. Higher energy conditions 
associated with proximity to a main channel are indicated by the predominance of fine and 
medium sands and reduced silt and clay content. The indications of stronger channel 
influence may relate to a shift in the location of the main estuarine channel. High values for 
X,j. and suggest a greater input of terrigenous material of fluvial origin derived from 
eroded soils and sediments, although this may relate to reduced diagenesis accompanying 
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the shift from a reducing to oxidising geochemical environment. Shell and CaCO^ content 
are high. The depositional environment for this is considered to be a tidal channel or channel 
margin setting, with strong tidal influence and open marine connection. 

In the P5 core, the deposition of a series increasingly coarse sandy layers and the presence 
of gravel clasts suggests a return to fluvially-dominated conditions. At both sites, increased 
values for and Xf^o/^ may indicate a greater input of terrigenous material of fluvial origin 
derived from eroded soils and sediments, although changes in the geochemical environment 
are likely also to have occurred with ramifications for the mineral magnetic assemblage. 
The depositional environment is considered a transitional fluvial/estuarine floodplain. 

The primary factor underlying the changes in sedimentation in the upper part of the cores is 
likely to be deceleration in eustatic sea-level rise at the transgressive to highstand transition. 
The major reduction in sea-level rise would have curtailed the creation of accommodation 
space in the Boina and Arade valleys, prompting a change from vertical accretion to lateral 
progradation. A sensitive record of this change is observed at the P5 core site, due to its 
location near the margins of the estuary, and due to the characteristics of the Boina basin 
(high gradient, high rainfall) which promote coarse fluvial sediment supply. At the P2 core 
site, the upper deposits retain a stronger estuarine character, related to the more open tidal 
aspect of the Arade river. 

Another factor which must be considered is the role of human activity in the river catchments 
and the potential influence on sediment supply to the estuary. The pollen records provide 
strong indications of deforestation in the Guadiana valley from c. 5200 cal BP, which are 
complemented by pollen spectra showing the loss of forest and the development of scrub 
and heath vegetation in the Arade basin by c. 5100 cal BP, and in the Boina basin by at least 
3400 cal BP (discussed in the next section). These changes are currently poorly constrained, 
due to the general unsuitability of the upper sections of the P2 and P5 cores for pollen 
analysis. However, the hypothesis is put forward that reduction of the vegetation cover 
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through land clearance and pastoral activities in prehistoric times promoted sediment supply 
to the estuary, influencing the channel behaviour, depositional patterns and morphological 
characteristics of the estuary during the sea-level highstand period. 

The uppermost sections of the cores, which have not been studied in detail, reflect the late- 
Holocene infilling of Arade-Boina estuary. In the Arade core, open tidal conditions are 
suggested by the development of thick shell-beds in a sandy sediment matrix (P2s-4b). In 
the Boina core, fluvial sedimentary input is more important, with intercalated accumulations 
of sands and gravels . The top sections of both sequences record a phase of fine-grained 
sedimentation, surface stabilisation and soil development, which may relate to siltation of 
the estuary in the historical period (Chester & James, 1999), and anthropogenic activities 
in the estuary (drainage, land reclamation and agriculture). 

9.1.3 Summary: Holocene changes in the estuarine domain 

Some final observations arise from the comparison of the sedimentary records from the 
two estuaries, relating to the Holocene history of the estuaries. The basal fill at each of the 
studied sites reflects a phase of deposition under a fluvial regime and lower than present 
sea-level. These fluvial deposits are not considered to represent the initial deposits of the 
transgressive sediment sequence, but rather relict features of a previous highstand phase 
which were exposed to weathering and erosion during the LGM. 

The lowest transgressive sediment sequences at each site pertain to a transitional fluvial/ 
estuarine phase. The age of these deposits relates to the depth of the palaeovalleys, with 
deposits of Late-glacial age preserved in the more deeply incised Guadiana valley system. 
The transgressive phase is characterised in both estuaries by the rapid accumulation of 
fine-grained sediments characteristic of the low-energy central basin domain (Roy et al, 
1980). Comparable transgressive deposits are recorded in southwestern Spain (Borrego et 
al, 1999; Dabrio et al, 2000), and attest to the dominant control of eustatic sea-level rise 
on sedimentation in the estuaries of the Gulf of Cadiz during this period. 
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The end of the transgressive phase (c. 7000 cal BP) saw a diversification of estuarine 
geomorphologies. While a low-energy tidal-flat regime predominated in the Beliche tributary 
of the Guadiana, coarse-grained deposits associated with tidal and fluvial channel activity 
are recorded from the Arade and Boina sites. The contrasts between the sites relate to 
differences in basin morphology, the location of the sites relative to the main estuarine 
channels, and the nature of fluvial regimes and sediment supply in the river basins. This 
divergence is considered typical of the highstand phase, in which local factors replace sea- 
level rise as the dominant control on patterns of sedimentation. In estuaries of southwest 
Spain, the highstand phase is characterised by a shift from vertical to lateral (prograding) 
accretion in the estuaries, and the development of spit and barrier forms in the coastal zone 
(Rodriguez-Ramirez, 1996; Dabrio et al, 2000). 

9.2 Vegetation history and landscape changes 
9.2.1 Late-glacial 

The lowest pollen spectra from CMS (13,000-12,840 cal BP) record a developed oak forest 
in the Guadiana valley and its tributaries with evergreen and semi-evergreen oaks (Quercus 
deciduous, suber and coccifera types) accompanied by Cistus shrub formations. This forested 
phase is distinguished from the main Holocene forest phase by the absence of the 
sclerophyllous evergreen taxa Olea, Phillyrea and Pistacia from the pollen record, and by 
the presence of relatively high levels of Juniperus pollen. The strong arboreal development 
suggests a fairly warm, moist climate, although the absence of the typical 
thermomediterranean sclerophyllous taxa may indicate a continental seasonality with 
relatively cold winters. Historical factors related to the location of these taxa during the 
Last Glacial Maximum (LGM) may be critical, although a delayed response resulting from 
migration is not expected for a southern Iberian location (Bennett et al., 1991). This phase 
is attributed to the Late-glacial interstadial, equivalent to the Greenland Isotope Interstadial 
I (GI-I, Bjorck et al, 1998) or the Allerod chronozone (Mangerud et al., 1974). During 
this period, the North Atlantic was not strongly influenced by meltwater (Phase Ilb, 
Ruddiman & McIntyre (1981)), and isotope records and dinoflagellate assemblages from 
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the Portuguese margin reeord a phase of warm sea-surface temperatures (Boessenkool et 
al, 2001). In the Serra da Estrela, the period 14,060-12,850 cal BP (dated by radiocarbon 
and correlation with the GISP2 Greenland ice-core records) is characterised by a significant 
contribution of lowland Quercus, a high altitudinal vegetation limit, and high lake levels, 
and is considered to reflect a relatively warm and moist climate (van der Knaap & van 
Leeuwen, 1997). At Padul, zone P3k, attributed to the Late-glacial interstadial, shows the 
development of evergreen oaks {Q. ilex type) at low and middle elevations, and Juniperus 
at higher elevations (Pons & Reille, 1988). 

At c. 12,840 cal BP, a set of changes are observed which suggest a rapid contraction of oak 
forest, an expansion of pinewoods, xeric scrub and steppe environments, with Juniperus, 
Ephedra distachya type, Centaurea and Plantago lanceolata type. Peak values ^ov Artemisia 
and Chenopodiaceae are considered to reflect their role as an element of steppic vegetation, 
contrasting with a predominant role as saltmarsh taxa during the Holocene. Both in timing 
and character, these changes are consistent with a climatic deterioration (cooling and drying) 
during the Greenland Isotope Stadial 1 (GS-1, Bjorck et al., 1998) or the Younger Dryas 
(YD) chronozone (Mangerud et al., 1974). During the YD, the polar front migrated 
southwards, reaching the coasts of northern Iberia (Phase Illb, Ruddiman & McIntyre ( 
1981)). Rapid cooling in sea surface temperatures is recorded on the Portuguese margin 
(Boessenkool et al, 2001), and the movement of the polar front is likely to have strongly 
influenced cyclonic trajectories and patterns of heat and moisture transport. In the Serra da 
Estrela, the boundary between the Allerod and YD is marked by a strong reduction of open 
woodland, a reduced contribution of lowland Quercus, and low lake levels (van der Knaap 
& van Leeuwen, 1997). This boundary is dated to 12,850 cal BP. At Padul, zone P31, attributed 
to the YD, is characterised by a reduction in evergreen Quercus, and increased values for 
Artemisia, Ephedra and Chenopodiaceae (Pons & Reille, 1988). 

Within the CM5 pollen record for the period 12,840-11,860 cal BP (YD), an early phase 
with high Pinus, low Quercus (CM5-Ib) is distinguished from a later phase with moderate 
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Pinus, moderate Quercus and expansion of Juniperus, Ephedra distachya type, Centaurea 
and Artemisia (CM5-Ic). The estimated age for CM5-Ib/Ic boundary is 12,550 cal BP. This 
boundary corresponds with a significant change in lithological characteristics and inferred 
sedimentary environment (marsh to channel) and a marked reduction in pollen concentration. 
On the one hand, changes in pollen spectra above this boundary may simply reflect a change 
in pollen source components resulting from an increased fluvial pollen supply, and a more 
continental record of inner areas of the Guadiana basin. On the other hand, the changes 
may accurately reflect climatic influences affecting the lower Guadiana valley, with an 
expansion of arid scrub and steppe vegetation during the course of the YD. This expansion 
may signal a generally lower vegetation cover, which resulted in increased supply of coarse¬ 
grained sediments to the estuary. 

In southern Portugal, an unpublished pollen study from Lagoa de Golfo on the Alentejo 
littoral (Queiroz, 1999) records a series of vegetation changes occurring in an undated 
sediment sequence which underlies dated Holocene deposits. A phase with low frequencies 
of Pinus and elevated frequencies of Quercus deciduous type is attributed to a phase of 
climatic amelioration (Allerod). The subsequent phase records an increase in Pinus, 
Juniperus, Calluna and Plantago, a reduction in Quercus deciduous type, and occurrences 
of Ephedra distachya type, and is attributed to a phase of climatic deterioration (YD). The 
strong similarities with the assemblage recorded in the CM5 core (CM5-lb/Ic) supports the 
view that the YD climate event was clearly expressed in the vegetation cover in the southern 
part of Portugal. The record of xeric vegetation elements during the YD {Juniperus, Ephedra 
distachya type) is consistent with geomorphological evidence for extreme aridity in the 
littoral zone with the formation of mass-wasting deposits and aeolian sand bodies in the 
Alentejo and western Algarve (Dias et al, 2000). However, the continued contribution of 
pollen of Quercus deciduous and Q. coccifera types attests to the presence of oak woodlands 
in sheltered locations. 
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9.2.2 Early Holocene 

The sedimentary transition to fine-grained estuarine muds eorresponds to the transition to 
biozone CM5-II, and these changes are considered to signal the onset of the Holocene. The 
impact of climatic amelioration at the Late-glacial/ Holocene transition on the regional 
vegetation is difficult to determine because of the poor record of dry ground pollen types in 
CM5-II. A distinctive pollen assemblage dominated by Asteraceae (Lactucae), Cyperaceae, 
Isoetes undiflf. and Ophioglossum lusitanicum is observed, with a very poor record of arboreal 
and shrub taxa. It would seem that a wetland vegetation response to sea-level rise and 
wetter climatic conditions at the onset of Holocene is the dominant signal recorded in the 
CM5 pollen spectra. The very high abundances of Asteraceae (Lactucae) pollen may 
represent a reworking of pollen from soils and fluvial sediments. This may have been 
associated with increased precipitation, the mobilisation of slope sediments and the 
reactivation of fluvial floodplains. Planchais (1987) identifies a similar assemblage at the 
base of an estuarine sediment sequence from the Languedoc coast dominated by Poaceae, 
Asteraceae, Isoetes and Ophioglossum. Planchais considers the assemblage characteristic 
of transgressive conditions within the estuary and development of unstable substrates in 
the wetland zone. Although a modem analogue for these pollen assemblages does not exist, 
Planchais suggests that this is because the rate of transgression is also without modern 
parallel. The particular conditions created during periods of significant sea-level rise may 
underlie the abundance of Isoetes. It would appear that rapid sea-level change with strong 
sediment supply created unstable, minerogenic settings associated with much flooding and 
brackish conditions which were especially suitable for Isoetes. 

The expansion of Isoetes at the start of the Holocene is insignificant at other terrestrial sites 
in Portugal and Spain, but is clearly recorded in marine pollen records. Isoetes shows strongly 
increased abundances in marine pollen records from the Portuguese margin and offshore 
Morocco (Hooghiemstra et al. , 1992; Marret & Turon, 1994; Turon et al. , 2003) during the 
early Holocene, and also during the early part of the previous Interglacial, Isotope Stage 5e 
(Sanchez Goni et al. 2000), and is considered an indicator of wetter climatic conditions. 
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The abundance of Isoetes spores and presence of megaspores in the CM5 sediments suggests 
that swards of Isoetes were located in developing estuarine areas and constitute an indicator 
of rapid transgression. This signal is recorded in the marine pollen records because of the 
transport of pollen from the estuarine to the marine environment by river currents. 

The plotting of pollen curves on the basis of a partial sum of dry ground taxa (Rybniekova 
& Rybnieek, 1971) provides some insights into the composition of the dry ground vegetation. 
A mosaic of forest, scrub and open ground vegetation is suggested for the period 11,860- 
9800 cal BP, with Pinus, Quercus types, Cistaceae, Ericaceae, Centaurea and Erodium 
well represented. Vegetation elements of Late-glacial affinity, Juniperus and Ephedra 
distachya type, decline. A parallel disappearance of Juniperus is recorded at Padul in the 
early Holocene; there, as in the CMS record, the presence olJuniperus strongly differentiates 
between the Late-glacial and Holocene (Pons & Reille, 1988). Pinus, in general, is more 
strongly represented in the dry ground taxa than in the mid-Holocene, and Quercus coccifera 
type (evergreen oaks) is more strongly represented than Q. suber or Q. deciduous type 
(probably representing the semi-evergreen species Q.faginea and Q. canariensis). Overall, 
however, the poor preservation state of these grains, and the overall greatly reduced 
concentration values for dry ground taxa leaves some unanswered questions regarding pollen 
sources areas, transport pathways and taphonomy for this period, and a fundamental question 
regarding the response of forest vegetation at the onset of the Holocene. The other available 
records for southern Portugal for this period, two sites from the Alentejo coast (Lagoa do 
Golfo (Queiroz, 1999) and Lagoa de Santo Andre (Santos & Sanchez Goni, 2003), show 
expansions of Quercus deciduous type, evergreen Quercus and Olea in the early Holocene, 
suggesting a rapid forest response to Holocene climatic conditions with wider parallels at 
Serra da Estrela and Padul. 

A clearer picture of early Holocene vegetation emerges in the Guadiana valley for the 
period 9800-8960 cal BP. A forested environment with Pinus and Quercus, with 
sclerophyllous thickets of Olea, Phillyrea and Pistacia, is recorded. An equivalent forest 
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phase with a particularly strong development of pinewoods is recorded in other lowland 
sites in southern Portugal (Lagoa do Golfo, Lagoa de Santo Andre). These parallels are 
interpreted as evidence of a regional belt of pinewoods occurring in the littoral zone on 
sandy soils. This formerly increased extent of pinewoods may reflect the still enlarged 
coastal plain at this time, with sea-level more than 20 m below present and the coastline 
located c. 5 km offshore at the mouth of the Guadiana. A contribution of the montane Pinus 
sylvestris is also recorded in the early Holocene samples (as inferred from grain size 
measurements), although this contribution is not dominant. This may represent either an 
extra-regional pollen contribution, or the presence of an upland pine vegetation in the Algarve 
which diminished during the mid-Holocene and is no longer recorded in Portugal. Overall, 
an early Holocene forest vegetation with strong representation of Pinus is rather characteristic 
of many areas of the Iberian peninsula (Mugica et al, 1998; Taylor et al, 1998 Carrion et 
al., 2001; Dorado Valiho et al, 2002), and may reflect a prevailing dry climate during the 
first millennia of the Holocene. 

9.2.3 Mid-Holocene 

From 8960 to 5200 cal BP (corresponding to the Atlantic chronozone (Mangerud et al, 
1974)), the CM5 pollen spectra record a forest phase with the maximum development of 
semi-evergreen and evergreen oaks, including Quercus suber, the cork oak. In addition to 
oak forest, this phase corresponds to the maximum development of the sclerophyllous taxa 
Olea, Phillyrea and Pistacia, which are considered to represent a natural vegetation 
community of mature shrublands comprising thickets of tall evergreen shrubs. This 
community probably occurred in xeric micro-climates and on stony ground, in contrast to 
the development of oak forest on deeper, humus rich soils in moister areas. Low values for 
Cistaceae and Ericaceae pollen types indicate a limited development of scrub and heath 
vegetation, and may reflect understorey elements of the oak forests. Aparallel development 
of oak forest is recorded in the Boina and Arade valleys, with pollen spectra for the period 
between c. 8500 and 7000 cal BP showing very similar composition to the CM5 record. 
The maximum development of oak forest, and in particular the increased representation of 
moisture-demanding Quercus suber and Q. deciduous types, is considered to reflect increased 
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precipitation from c. 9000 cal BP. The maximum development of the frost-sensitive 
sclerophyllous taxa suggests an oceanic, thermomediterranean climate with mild winters. 
This contrasts with the forested phase of the Late-glacial Interstadial, where the absence of 
the thermomediterranean taxa points to a more continental climate with cold winters. 

In the CM5 record, the transition from an early Holocene vegetation with higher frequencies 
of Pinus to a mid-Holocene vegetation with higher frequencies of Quercus corresponds 
with a change in the sedimentary environment and increased tidal influence. Therefore, it 
is recognised that the transition in the dry ground pollen record may be conditioned by 
changes in pollen transport and taphonomy. However, both in character and timing, the 
transition has several important parallels at other Iberian sites. In the Serra da Estrela, a 
transition to a wetter, more oceanic climate is recorded at c. 9000 cal BP (van der Knaap & 
van Leeuwen, 1995), although the taxa involved are different. At that site, a slight increase 
of mesophytic taxa, including Pteridium aquilinum, andAlnus, relative to xerophytic 
taxa, such as Quercus ilex type, support the climatic interpretation. At Padul, the 
establishment of Quercus suber occurred at about 8000 '"‘C bp (c. 8800 cal BP), and is 
considered to reflect a thermic and humidity optimum during the Holocene. 

A climatic interpretation for the Quercus maxima observed across the Algarve is consistent 
with evidence for a mid-Holocene humidity maximum from the Laguna de Medina, near 
Cadiz (Reed et al, 2001), and for the onset of warmer, wetter conditions from 8000 '"'C bp 
(c. 8800 cal BP) in the upper Guadiana basin in central Spain (Dorado Valino et al, 2002). 
Marine pollen records from the Atlantic offshore Portugal and Morocco indicate an onset 
of humid conditions at the slightly earlier date of 8500 14C BP (-9500 cal BP) (Hooghiemstra 
et al, 1992; Marret & Turron, 1994). 

One of the characteristic features of the Guadiana and Boina-Arade pollen records is 
declining values of Pinus pollen during the mid-Holocene. In the CM5 and P2 records, 
gradually declining values are observed (at least for the period prior to 5200 cal BP). In the 
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P5 record, a more distinct decline is noted at c. 8030 cal BP. Several causes may underline 
the declining trend of Pinus. One factor, as suggested by morphometric observations on the 
Pinus pollen content of CMS, is a reduced pollen contribution from montane pines {P. 
sylvestris) which may have been less suited to climatic conditions after the Late-glacial. 
Macrofossil evidence (wood charcoal) from sites in central and northern Portugal indicates 
a progressive northward retreat and overall diminished occurrence of montane pines since 
the onset of the Holocene (Figueiral & Carcaillet, in press). A second factor may be inter¬ 
specific competition with angiosperm trees and a generally poor adaptation of pines in 
general, both lowland and upland, to warm-moist mid-Holocene climate conditions. A third 
factor may be destruction of pinewoods as a direct result of human clearance activities. 
Declining values of Pinus during the mid-Holocene are observed in the pollen records 
from the Alentejo littoral, although a complex picture emerges of the nature and timing of 
the decline. In the Lagoa Travessa sequence (Mateus, 1989), which begins c. 8300 cal BP, 
a gradual decline is observed. At the Lagoa de Santo Andre (Santos & Sanchez Goni, 
2003), a rapid decline is recorded after 6200 cal BP. Further north, at the site of Aposti^a, a 
rapid decline occurs much later, after 3900 cal BP (Queiroz & Mateus, 1994). These 
contrasting patterns suggest that the pine decline is a mixed response to climatic, ecological 
and anthropogenic factors. 

Between c. 7760 and 7350 cal BP, a decline in the forest cover in the Guadiana basin is 
recorded (CM5-IVb). During this phase, a number of shrub taxa which rise to prominence 
after 5200 cal BP show moderate expansions. This phase corresponds with an apparent 
expansion of saltmarsh (increased Chenopodiaceae), and a reduced input of some freshwater 
taxa. This oscillation in both the pollen record for both dry ground and wetland vegetation 
suggests a complex interaction of hydrographic and either climatic or anthropogenic impact 
on the opening of the vegetation cover. A number of arid climatic events are recorded in 
lake level and aquatic pollen records from southwestern Spain (Reed et ai, 2001), and 
such an event might explain the combination of dry ground and wetland impacts. However, 
the timing of this event does not correspond with the aridification events identified by 
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Reed et al. (2001). A short-term sea-level fluetuation may underlie the phase of saltmarsh 
development, but this does not explain the ehanges in dry ground taxa. Perhaps a phase of 
early and reversible human impact is detected, related to the activities of people during the 
late Mesolithic (the very earliest Neolithic cultural remains in the Algarve date from c. 
7500 cal BP (Cardoso et a/., 1998)). The late Mesolithic period saw an expansion of human 
activities in the Tagus and Sado basins (Bicho, 1994) and in the western Algarve (Calado et 
al ., 2003; Stiner et al ., 2003). However, no clues as to the scale of Mesolithic activity in the 
Guadiana basin are available. 

9.2.4 Late Holocene 

From 5200 cal BP, major changes in the vegetation cover are detected with the widespread 
replacement of forest by scrub communities and open ground. In the CM5 record, a series 
of changes are recorded which suggest a progressive intensification of anthropogenic 
pressure. Between c. 5200 and 4100 cal BP, an expansion of Quercus coccifera type pollen 
is interpreted as the development of tall maquis in response to forest clearance. This phase 
corresponds with the Chalcolithic period or Copper Age period which began at 4500 '"^C bp 
(c. 5200 cal BP) (Straus, 1989), and saw a major expansion of human activity into the 
uplands and hinterlands of southern Portugal (Kalb, 1989). In the northern slopes of the 
Beliche valley a cemetery pertaining to this period is known. Between c. 4100 and 2500 cal 
BP, the maximum development of Cistus scrub is recorded, suggesting impacts from pastoral 
activities (grazing and burning). This phase includes the Bronze Age (1800-800 B.C. 
(Gomes, 1995)) and the early Iron Age. Between c. 2500 and 1400 cal BP, the expansion of 
open ground indicators such as Plantago lanceolata accompanied by declines in both 
arboreal and some shrub taxa, and the planting of Castanea, indicates the further 
intensification of human activities. This phase corresponds with the late Iron Age and Roman 
periods. 

In the P2 and P5 records, the shift from fine- to coarse-grained sedimentation after c. 7000 
cal BP does not allow detailed palynological investigation of changes occurring during this 
period. However, the recovery of pollen from a small number of samples in the upper part 
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of the cores provides a glimpse of vegetation conditions for a date c. 5100 cal BP from the 
Arade core, and c. 3400 cal BP in the Boina core. At both sites, a major development of 
maquis and open ground vegetation communities is recorded. Although the understanding 
of these changes can only be considered rudimentary at present, they suggest deforestation 
and human pressure on the landscapes of the Boina-Arade basin. They support the possibility 
that the supply of coarse-grained sediments was conditioned by reduced vegetation cover 
in the catchments. 

It is recognised that the timing is consistent with declines in subhumid forests across 
Mediterranean Spain and the Balearics (YU et al, 1997; Carrion et al, 2001; Gil Garcia et 
al, 2002; Pantaleon-Cano et al, 2003) at around 5000 cal BP. These authors argue for a 
climatic aridification around 5000 cal BP. Evergreen/deciduous pollen ratios in 
Mediterranean France and Spain have also been used as a climate proxy to demonstrate 
increased aridity from 5000 cal BP (Jalut et al, 2000). This aridification is supported by 
lake and river records from Spain and the western Mediterranean region (Reed et a/., 2001; 
Dorado Valino et al, 2002; Magny et al, 2002). The possibility that the major change in 
the CM5 pollen record at 5200 cal BP reflects increased aridity must therefore be considered. 

Throughout the CM5 record, a range of taxa are recorded which probably relate to the 
different moisture and thermicity gradients observed in the Algarve. The CM5 record after 
5200 cal BP not only shows an increased representation of shrub taxa, but the presence of 
new taxa, such as Helianthemum salicifoUum and Tuberaria guttata. Other taxa, such as 
Erica scoparia and E. umbellata types, show a distinct expansion only after 5200 cal BP. 
These features of the pollen record are considered to reflect not a readjustment of the existing 
vegetation to climatic change, but the creation of a greater diversity of shrubland vegetation 
communities across both dry and subhumid areas (i.e. Cistus scrub and ericaceous 
heathlands). This diversification of shrublands accompanied the loss of both pinewoods 
and oak forests from 5200 cal BP, and, certainly from 4140 cal BP, the destruction of 
woodlands and thickets of the oaks of drier ombrotypes {Q. coccifera and Q. rotundifolia). 
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These changes do not suggest a competitive readjustment to a climatic aridification, but 
human impact through clearance, fire and pastoral activities across both upland and lowland 
environments. Finally, from around 2400 cal BP, declines of both the sclerophyllous taxa 
of thickets and maquis, such as Olea, and the decline of riparian woodlands, demonstrate 
the ultimate reduction of all arboreal taxa, regardless of climatic preferences, and suggest 
the extension of cutting and clearance activities into the both the driest and wettest areas of 
the landscape. While climatic aridity may have exacerbated the impact of human activities, 
the view here is that anthropogenic influence is the primary factor underlying the distinct 
changes in the pollen record after 5200 cal BP. 

The decline of oak forests and the rise of scrub and particularly ericaceous heath communities 
is readily identified in several mid- to late Holocene pollen records from Portugal. In the 
Serra da Estrela, a significant increase in human activity is recorded from c. 6300 cal BP, 
large scale deforestation from c. 3600 cal BP, and total disappearance of the forests during 
the Medieval period (van der Knaap & van Leeuwen, 1995). At the site of Alpiar^a, in the 
lower Tagus valley (van Leeuwaarden & Janssen, 1985), declines in arboreal taxa {Pinus 
and Quercus) and concomitant increases in Ericaceae and Poaceae occur between 5400 
and 3600 cal BP. Sites from the Alentejo littoral suggest major human impact between 
4000 and 3000 cal BP. At Estacada (Queiroz, 1989), the disappearance of pine and oak 
woodlands (zone LAL-I) and their replacement by shrub formations with Q. coccifera. 
Erica arborea and E. scoparia (zone LAL-II) is recorded at around 3600 cal BP, although 
a possible hiatus means that the transition may have occurred earlier. At Apostiqa (Queiroz 
& Mateus, 1994), the replacement of pinewoods and Olea by maquis and heathlands is 
recorded (zone APO III) by about 3800 cal BP. At Lagoa Travessa (Mateus, 1989), a strong 
forest decline and expansion of sclerophyllous scrub and ericaceous heaths is recorded 
after about 3200 cal BP, although indications of human influence on the forest cover occur 
earlier, from c. 5000 cal BP. The evidence from these lowland sites in southern Portugal 
suggests a widespread period of forest reduction and the extension of semi-natural shrublands 
between 5000 and 3000 cal BP (-3000-1000 BC, Copper and Bronze Ages). This contrasts 
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with the evidence from the coastal Huelva region further to the east. Records from El 
Acebron and Laguna de las Madres (Stevenson, 1985b, 1988; Stevenson & Harrison, 1992) 
begin at c. 5000 cal BR Anthropogenic clearance is detected in the loss of pinewoods, but 
levels of Quercus remain high throughout the prehistoric period. This is considered to 
reflect the prevalence of a managed woodland landscape and the prehistoric development 
of the dehesa, or oak parkland. 

The new data from the CM5 core suggest an early impact on the forest cover during 
prehistoric times (since the Copper Age), and an intensification of human pressure through 
the Bronze and Iron Ages, culminating in the most open landscape during the Roman period. 
The sequence of vegetation changes from pine and oak forest to evergreen thickets of Q. 
coccifera and Myrtus, then to Cistus and ericaceous scrub and heath, and finally to more 
open shrublands is consistent with a view of progressive alteration of the natural landscape. 
This finding supports the view that anthropogenic influence is a major agent of landscape 
change in the Algarve (Chester & James, 1991, 1999). While increased soil erosion and 
sediment supply are considered a likely consequence of degradation of the vegetation cover, 
a clear sedimentological impact of deforestation is not recorded in the CM5 core. Minor 
peaks in low frequency magnetic susceptibility and fine sand content are noted towards the 
top of the core, but are not clearly differentiated from patterns observed in grain size or 
magnetic parameters in lower core sections. However, the period of human impact after 
5200 cal BP corresponds with palynological indications for terrestrialisation and the 
development of saltmarsh around the core site. It is possible that the process of infilling 
which led to the development of upper saltmarshes and halophytic vegetation was promoted 
by fine sediment supply to the marsh resulting from human activities in the Beliche and 
Guadiana basins. 

9.3 Evaluation and prospects for future research 

The combination of sedimentary and pollen analyses proves valuable for the interpretation 
of environmental changes both at the site of deposition and in the wider landscape. The 
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combination is considered particularly important for the interpretation of pollen records 
from the dynamic estuarine environment where changes in sedimentary conditions may be 
associated with changes in pollen source area. In the course of this study, it was recognised 
that other lines of investigation could complement those chosen here, and could lead to 
more secure palaeoenvironmental interpretations. Certain techniques which were either 
not available or not feasible within the timeframe of this study, but which would be valuable 
additions include: 

X-ray core scans. The recognition and accurate description of sedimentary structures 
in tidal sediments provides important clues regarding the environment of deposition 
and post-depositional changes. In many cases, in particular with muddy sediments, it 
may be difficult to observe certain sedimentary structures by eye. Features such as fine 
sand laminae, bioturbation structures or slumping are more readily identified in X-ray 
radiographs (e.g. Borrego et al, 1995), providing an additional level of information 
leading to more secure interpretations of sedimentation history and environments of 
deposition. 

Other microfossil analyses. Although pollen provides information regarding wetland 
environments, and may reflect, either by changes in composition or concentration, 
changes at the site of deposition, pollen does not provide a very sensitive indicator for 
tidal depth. This is both because of the taxonomic imprecision of several groups of 
saltmarsh taxa (Chenopodiaceae, Poaceae, Cyperaceae) and because pollen from several 
saltmarsh zones may be mixed in the tidal water body. In contrast, species identifications 
for foraminifera, ostracoda or diatoms may provide much more specific indications of 
water chemistry and tidal depth. This information would complement the results of 
analysis of the physical properties of the sediment sequence, and improve the 
understanding of the relationship between changes in the pollen record and changes in 
the local environment 

Other magnetic parameters. The measurement of magnetic susceptibility in this study 
reveals a large variability in susceptibility values. It is also suspected that early iron 
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mineral diagenesis may be characteristic of the transgressive estuarine deposits 
investigated here. In order to understand the effect and variability of these processes, it 
is clear that much further research is required. Ongoing research into the sequence of 
iron mineral diagenesis and the identification of iron minerals by transmission light 
microscopy, electron microprobe and X-Ray powder diffraction is taking place at CIMA 
(Universidade do Algarve). This research would be complemented by further study of 
mineral magnetic properties of the sediments (for example, remanence measurements 
(anhysteretic remanent magnetisation (ARM) and saturated isothermal remanent 
magnetisation (SIRM)). These might not only permit more secure identification of detrital 
terrestrial signals (Oldfield, 1994), but lead to a more complete understanding of 
diagenetic processes which in themselves are of interest, being related in a systematic 
way to changing environmental conditions at the depositional location (e.g. Reitz et 
a/., 2004). 

Charcoal analysis. Although charcoal was observed during pollen and sediment 
preparations, the content was not quantified as part of this study. The identification in 
the pollen record of phases of strong human impact and the development of semi¬ 
natural shrublands in the pollen records suggests that the incidence of anthropogenic 
fires should increase in the upper part of the sediment sequences. This hypothesis could 
be tested in the future by analysis of the charcoal content of the sediment. 

This study has demonstrated that silty estuarine sediments contain pollen derived from 
both wetland and dry ground environments, and that the pollen record may contribute to 
the understanding of changes in the regional landscape and vegetation. Given the presence 
of extensive saltmarshes in other Algarve estuaries, it is clear that there is the potential for 
further studies in many locations in the Algarve. These are necessary, of course, to confirm 
and develop the findings of this study. One of the potential drawbacks of estuarine sequences, 
however, as encountered in the P2 and P5 cores, is the discontinuity of fine-grained 
sedimentation and hence pollen preservation. In this respect, the CMS sequence appears 
very unusual, both in terms of depth and long-term homogeneity in sedimentation. This 
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problem is likely to be encountered in many estuarine sequences. Underlying this difficulty 
is the sensitive sedimentary response of estuaries to a number of factors, both regional, 
such as changes in base-level, and individual, such as sediment supply from the catchment, 
fluvial discharge and inherited topography 
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10 Conclusions 

This thesis presents the results of sediment and pollen analyses from Late-glaeial and 
Holoeene estuarine sediment sequences of the Algarve province of southern Portugal. This 
study represents the first attempt in this region to study the vegetation development since 
the Late-glacial. The study also adopts an unconventional approach in the use of estuarine 
sediments, necessitated by the absence of natural lakes and lacustrine sediment sequences 
in the region. Three sites have been investigated in the course of this study, one from the 
Guadiana estuary in the eastern Algarve, and two from the Boina-Arade estuary in the 
western Algarve. Core CMS from Guadiana estuary contains a c. 50 m sequence of Late- 
glacial and Holocene sediments, representing the infill of a small tributary valley of the 
Guadiana. Cores P2 and PS from the Boina-Arade estuary contain Holocene sequences of 
c. 22 m and 20 m depth, respectively, which represent the estuarine fills of the Arade and 
Boina valleys. 

Radiocarbon dates constrain the chronology of sedimentation at the sites, and provide an 
indication of long-term average sedimentation rates. Age-depth models for the history of 
sedimentation are proposed for the three sites. Given the likelihood that changes in 
depositional environment have been accompanied by changes in sedimentation rate, the 
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estimation of dates for lithostratigraphical and pollen assemblage biozone boundaries is 
tentative and in some cases problematic. Nevertheless, the radiocarbon-based site 
chronologies illustrate a general sedimentation trend which is common to the three sites. 
For the period prior to c. 7000 cal BP at the CM5 site, and for the period 8000-7000 cal BP 
at the Boina-Arade sites, high sedimentation rates in excess of 7 mm/yr are recorded. Around 
c. 7000 cal BP a deceleration to sedimentation rates between 1 and 1.5 mm/yr occurs at all 
sites. This sedimentation trend has also been identified in estuarine sedimentary sequences 
on the Huelva coast of southwestern Spain (Lario et al, 2002a) and is considered to reflect 
a regional pattern of sea-level rise and the transition from a transgressive to sea-level 
highstand phase. 

A combination of core lithological observations, sediment analyses (loss-on-ignition, 
particle-size analysis, magnetic susceptibility) and palynological evidence permit the 
identification of changes in the depositional environment during the period of infilling at 
the sites. High energy fluvial deposits compose the basal sediments at each site, and attest 
to a period of fluvial activity during the Pleistocene. Based on dating of comparative deposits 
from the Spanish coast (Dabrio et ah, 2000) and seismic stratigraphic evidence for an 
erosional phase succeeding the depostion of the gravels (Lobo et ah, 2003), these gravels 
are considered to have been deposited during the previous interglacial, and to have 
experienced weathering and erosion during the Last Glacial Maximum. 

Estuarine infilling began c. 13000 cal BP in the Beliche tributary of the Guadiana, and after 
8500 cal BP in the Boina-Arade estuary. The onset of estuarine infilling was controlled by 
the position of sea-level and the inherited topography of the palaeovalley systems. At the 
base of the CM5 Guadiana sequence, a series of laminated silty and sandy deposits of Late- 
glacial age (CM5S-2/3) relate to a transitional fiuvial/estuarine phase. Although tidal 
sedimentary structures and brackish water indicators (dinofiagellates) are recorded, a strong 
fluvial influence and dominance of fiuvially-derived coarse grained sediments is recorded. 
During the early Holocene, a thick sequence of transgressive deposits (CM5s-4) was 
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deposited under a calm, settling sedimentation regime and a reducing geochemical 
environment. At c. 9000 cal BP, a transition to more open estuarine conditions (CM5s-5) 
with increased tidal influence is recorded, with changes in sedimentary and palynological 
parameters. The impact of the decline in sedimentation rate after 7000 cal BP is not clearly 
evident in sedimentary parameters. After c. 5200 cal BP, the progressive infilling of the site 
is documented with palynological evidence for the expansion of saltmarshes, and from c. 
2160 cal BP sedimentary evidence for oxidation. 

In the Boina-Arade valley, cores P2 and P5 record a similar progression of changes in the 
depositional environment following the onset of Holocene sedimentation after c. 8500 cal 
BP. A first phase of intercalated coarse- and fine-grained sedimentation relates to a transitional 
phase from fluvial to estuarine conditions. This phase is more strongly developed in the 
Boina valley (core P5) where fluvial input from the high-gradient catchment is more 
important throughout the sedimentary sequence. A second phase documents open estuarine 
conditions and the maximum areal expansion of the Boina-Arade estuary, with the deposition 
of predominantly silty tidal sediments. In the upper part of the sequences a transition from 
low- to high-energy sedimentary environments is recorded at both sites with the deposition 
of sandy sediments. In the P2 Arade core, a tide-dominated channel setting is recorded; in 
the P5 Boina core, a fluvially-dominated deltaic setting is recorded. These changes are 
considered to have occurred around 6500 cal BP, although the timing is not tightly 
constrained by the available radiocarbon data. The changes are consistent with evidence 
from the wider region for changes in sedimentation associated with the transgressive/ 
highstand sea-level transition and the subsequent diversification of estuarine sedimentary 
forms. However, new pollen data in this investigation presents evidence for a role of 
anthropogenic influence. Although only a small pollen dataset has been recovered from 
these upper deposits, it provides an indication of extensive human impact on the vegetation 
cover of the river catchments. Increased sediment supply from catchment soils as a result 
of deforestation may be implicated in the genesis of the coarse-grained, upper sedimentary 
fill recorded in the Boina-Arade estuary. 
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Pollen and spores contained within the sediments provide the first record of Late-glacial, 
early and mid-Holocene vegetation changes in the Algarve. The interpretation of estuarine 
pollen records is undoubtedly complicated by the potential overrepresentation of local pollen 
types, poorly defined pollen source areas, and changes in pollen composition arising from 
deposition in a dynamic and variable sedimentary environment. In light of these difficulties, 
efforts were undertaken to make a rigorous assessment of the pollen content of the studied 
sequences, and in particular to distinguish the record of dry ground pollen types from 
ambiguous to wetland pollen types. These efforts include large pollen counts, detailed 
taxonomic identification, presentation of pollen data as percentages (based on both the 
total sum of pollen and spores, and partial sums of dry ground/ wetland taxa) and 
concentration values, and the direct comparison of pollen and sediment stratigraphy. 

The CMS record from the Guadiana estuary provides the first dated Late-glacial pollen 
record for southern Portugal. A distinct Late-glacial pollen assemblage is recorded, with 
high levels of Pinus, Juniperus, and Ephedra distachya type. Within the Late-glacial 
sediments, a vegetation event is recorded with a decline of deciduous and evergreen Quercus 
and an expansion of dry- and cold-tolerant taxa. This vegetation event, supported by the 
radiocarbon dates, is considered an expression of climatic deterioration (cooling and drying) 
associated with the Allerod/Younger Dryas transition. The vegetation response to climate 
changes at the onset of the Holocene is not clear, due to the poor record of dry ground 
pollen types in the oldest sediments of Holocene age. However, a pollen assemblage from 
the early Holocene with Pinus, Quercus, Cistaceae and Ericaceae is tentatively interpreted 
as a mosaic of pinewood, oak forest and shrub communities. From c. 9800 cal BP, the 
presence of evergreen, sclerophyllous shrub taxa (Olea, Phillyrea, Pistacia) is recorded, 
and from c. 9000 cal BP, the dominance of Quercus forest. The phase of maximum Holocene 
forest development (c. 9000-5200 cal BP) is recorded at all three sites, presenting a regional 
picture of forests with deciduous and evergreen Quercus (including Q. suber), thickets of 
sclerophyllous taxa, and well-developed riparian woodlands of Alnus and Fraxinus. In 
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contrast with other arboreal taxa, the contribution of Pinus declines in importance, in part 
reflecting a contraction of P. sylvestris populations. During this period, a possible early 
anthropogenic clearance event is recorded with an expansion of scrub and open ground 
taxa in the CMS record (CMS-IVb) at c. 7800-7400 cal BP, which is followed by a 
regeneration of arboreal taxa. 

From 5200 cal BP, major changes in the vegetation cover are detected with the widespread 
replacement of forest by scrub communities and open ground. In the CMS record, a series 
of changes is recorded which suggests a progressive intensification of anthropogenic 
pressure. Between c. 5200 and 4100 cal BP, an expansion of Quercus coccifera type pollen 
is interpreted as the development of tall thickets or maquis in response to forest clearance. 
Between c. 4100 and 2500 cal BP, the maximum development of Cistus shrublands is 
recorded, suggesting impacts from pastoral activities (grazing and burning) and the 
widespread development of scrub and heath vegetation communties. Between c. 2500 and 
1400 cal BP, the expansion of open ground indicators such as Plantago lanceolata 
accompanied by declines in both arboreal and some shrub taxa, indicates the further 
intensification of human activities. In the P2 and P5 records, changes in the sedimentary 
environments prohibit palynological investigation of changes occurring during this period. 
However, the recovery of pollen from a small number of samples in the upper part of the 
cores permits a ‘snapshot’ of vegetation conditions for a date c. 5100 cal BP from the Arade 
core, and c. 3400 cal BP in the Boina core. At both sites, a major development of scrub, 
heath and open ground vegetation communities is recorded, suggesting deforestation and 
human pressure on the landscapes of the Boina-Arade basin. 

Although there is not a wealth of comparative material from the southwestern sector of the 
Iberian peninsula, some insights into wider patterns of vegetation development emerge 
from comparison of the pollen records developed in this study with the pollen records from 
the Alentejo coast, southwestern Spain, and important records from the more distant sites 
of the Serra da Estrela and Padul. Comparison with the Alentejo records suggest a coherent 
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picture of vegetation ehanges in southern Portugal since the Late-glacial. An expansion of 
xerie serub and steppe during the Younger Dryas, an early Holoeene landseape in which 
pinewoods played a major role, and a ehange in forest dominance in the mid-Holoeene 
from Pinus to Quercus are identified in both the Alentejo and the Algarve. Wider parallels 
with the Serra da Estrela and Padul suggest the importance of elimatic eontrols on vegetation 
development during these periods, with eool, dry eonditions during the Younger Dryas and 
warm, moist eonditions in the Holocene, with inereased moisture in the mid-Holoeene 
after 9000 eal BP. Anthropogenie impaets are more marked in the last 5000 years. The 
expansion of serub and heath eommunities reeorded in the sites studied here has parallels 
at other southern Portuguese sites, as well as in the Serra da Estrela. Evidenee for 
deforestation is reeorded during the period from 5000 to 3000 eal BP, although the timing 
varies between sites. Comparison of dates for the expansion of shrublands, particularly 
heathlands, across southern and eentral Portugal suggests a particularly early human impaet 
on forest cover in the Algarve. The evidence for a late Holoeene development of Quercus 
in a managed woodland landscape, as recorded in southwest Spain, is not eneountered. 

Finally, this study highlights the potential for further development of the vegetation history 
of southern Portugal through the study of estuarine deposits, which, in contrast with lacustrine 
records, are widely preserved in the region. Although the challenges for interpretation of 
pollen reeords from these dynamie and sensitive sedimentary environments constitute a 
disadvantage eompared with traditional lake settings, the potential to illustrate and evaluate 
environmental ehanges in both the eoastal and upland zones is a distinet advantage. The 
information that results from this investigation contributes to our understanding of 
environmental ehange at the interseetion of the terrestrial, fluvial and eoastal domains. 
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Appendix A 


Appendix A. Beliche surface pollen samples 

Rationale 

Surface pollen samples are a valuable aide in the interpretation of fossil pollen records, 
particularly in new geographie areas of investigation (Wright, 1967). Surface soil samples 
were colleeted from 12 sample locations along two short transects on the Beliehe floodplain, 
marsh and adjacent hill-slope. The objeetives of the exereise were: a) to aid familiarisation 
with pollen types oeeurring in the area through the identifieation of well-preserved modern 
material from a known vegetational setting, b) to observe the relative eontribution of pollen 
types from different habitats to the assemblages from the sample loeations, and, in partieular, 
to determine the extent of over-representation of loeal pollen types, and c) to provide 
eomparative data to aid in the interpretation of the fossil pollen and spores recovered from 
eore samples. 

Methods 

Two transeets were chosen with respeet to two gradients: 1) the gradient from overall wet 
to dry conditions, beginning on the floodplain marsh, crossing the break of slope and rising 
onto the valley-side (transeet A) and 2) the general deerease in soil salinity along the 
floodplain from east to west, beginning near the bank of the Guadiana and progressing 
inland (transect B). The transeets and sample locations are shown in Figure Al. 

Sample loeations on the transects were ehosen on the basis of floristic composition, so as to 
be a) representative of the wider pattern of distribution of different vegetation groups and/ 
or land uses in the floodplain environment and surroundings, andb) internally homogeneous 
with respect to the speeies present. The eharaeteristies of each sample loeation are 
summarised in Table Al. 

10 X 10 m quadrats were set up at each sample loeation, and the main floristie elements 
reeorded in terms of presenee/absenee. Five soil samples were colleeted from eaeh quadrat. 
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Appendix A 


Location 

Description 

Main fioristic eiements 

Al 

Upper saltmarsh 

Halophytes {Salicornia, Suaeda), grasses, Asteraceae spp. 

A2 

Upper saltmarsh 

Halophytes, grasses, Asteraceae spp., (Plantago, Echium, Oxalis) 

A3 

Alluvial meadow, site of 
abandoned cultivation 

Grasses, Asteraceae spp., Rumex. 

A4 

Olive grove 

Olive trees (Olea), grasses, Asteraceae and other flowering plants 
{Echium, Caryophyllaceae, Plantago, Trifolium,) 

A5 

Cistus scrub (matos) 

Cistus ladanifer, Cistus monspeliensis, Phillyrea, Genista, Lavandula, 
grasses 

B1 

Lower saltmarsh 

Halophytes (Arthrocnemum, Salicornia, Halimione), grasses 

B2 

Upper saltmarsh 

Halophytes (Arthrocnemum, Salicornia), grasses, Asteraceae., Trifolium, 
Plantago 

B3 

Upper saltmarsh 

Halophytes (Arthrocnemum, Salicornia), grasses, Asteraceae, Trifolium, 
Echium spp. 

B4 

Upper saltmarsh 

Halophytes (Arthrocnemum), Asteraceae, grasses. Trifolium. 

B5 

Floodplain marsh 

Grasses, Juncus, Tamarix, halophytes (Arthrocnemum), 

B6 

Floodplain marsh 

Ash (Fraxinus angustifolia), Juncus, Apiaceae., Asteraceae., Geranium, 

woodland fringe 

Plantago, Rumex, halophytes (Suaeda) 

B7 

Woodland fringe 

Tamarix, grasses, halophytes (Suaeda), 


Table Al. Characterisation of sample locations. 


distributed evenly across the quadrat (one near the centre and one towards each of the four 
corners). Soil samples were taken from the uppermost 2-3 cm. 

In the laboratory, soil samples were mixed, and equal amounts of the five soil samples from 
each sample location were combined and mixed again. The generation of mixed samples 
has been shown is critical for the study of pollen from surface soil samples (Adam & 
Mehringer, 1975). The pollen content of individual soil samples at spot locations can 
occasionally deviate widely from the ‘average’ local pollen rain due to the contribution of 
fallen anthers from individual plants. The mixed pollen samples were subjected to a standard 
pollen preparation following the same methodology as for fossil pollen samples. Pollen 
slides were counted until total pollen and spore counts of ca. 1000 grains were achieved. 

Results 

The pollen content of the surface sample is displayed in full in Figure A2 and summarised 
by ecological groups in Figure A3. Overall, the observed pollen types reflect the vegetation 
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of the floodplain and its upland surroundings. Moreover, the strong representation of distinct 
local pollen types distinguishes clearly between samples of the marsh/floodplain and hill- 
slope settings. The results are discussed by ecological group in this section, and the 
provenance of the pollen in the following section. 

Agroforestry, arboriculture 

This group contains arboreal pollen taxa {Eucalyptus, Pinus, Quercus suber type, Quercus 
undiff.) which in the modem surroundings of the Beliche represent plantations, cultivated 
stands and scattered trees in areas of scmb. Olea is also placed in this group, because 
although wild olive trees are common, the abundance of Olea pollen clearly reflects the 
presence of the olive grove at location A4. This group is strongly represented at the hill- 
slope locations (A4, A5) and is recorded fairly consistently in lower abundances in the 
floodplain locations. 

Thickets and scrub 

This group contains pollen types of predominantly shmbby plants (e.g. Phillyrea, Myrtus, 
Daphne and Cistus types) which represent scmb vegetation growing on degraded soils 
typical of extensive areas of the Beliche catchment. Although included with the previous 
group, it is recognised that Olea and the Quercus types also reflect scattered arboreal elements 
of these scmb habitats. This group is strongly represented at location A5, within an area of 
Cistus scmb. However, the elements of this group are overall recorded sporadically and/or 
in low abundances at the other locations. 

Cultivated and waste ground 

Included in this group are pollen types of herbaceous plants generally associated with open 
ground and grassy areas. Many, such as the plantains {Plantago lanceolata! coronopus 
types) and docks {Rumex types), or the non-native Oxalispes-caprae, are mderals, exploiting 
disturbed ground in areas of agricultural and pastoral activity. This group does not show a 
clear pattern of variation along the transects, which may reflect the tolerance of the included 
plants for different conditions encountered in the sampled area and/or that the sampled 
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Figure A2. Percentage pollen diagram for Beliche surface samples, page 1 of 2. 




























































Appendix A 



305 


Figure A2. Percentage pollen diagram for Beliche surface samples, page 2 of 2. 
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transects do not include strong gradients for critical variables such as intensity of agricultural 
activity, disturbance regime, etc. 

Within this group Plantago types are the most abundant, and are recorded at all locations. 
Different patterns of representation are noted for P. lanceolata and P. coronopus types, 
with P. lanceolata type reaching maxima at locations A4 and B6, and P. coronopus at 
locations A2 and B2. This contrast probably reflects the greater tolerance of P. coronopus 
for (high) saltmarsh conditions. 

Saline and sandy soils 

This group contains pollen types of generally herbaceous plants typical of sandy soils, 
particularly near the coast. This group is not strongly represented in the surface samples. 
Maximum values for the group occur at location A4, resulting from small maxima in Spergula 
type and Caryophyllaceae undiff, and at location Bl, due to the occurrence o^Artemisia, 
Pfypecoum and Illecebrum verticillatum types. 

Open ground, floodplain and saltmarsh 

The broad taxonomic pollen types of Asteraceae and Poaceae are included in this strongly- 
represented group. Reflecting the contribution of numerous species of marsh, floodplain 
and hill-slope environments, this group is ecologically ambiguous. 

Asteraceae types are well represented at all sites except Al, Bl and, for Asteraceae 
(Lactucae), B3. Poaceae pollen occurs in fairly consistent proportions at all locations, except 
at the meadow location A3, where Poaceae pollen represents >50% of the total assemblage. 

Saltmarsh 

Included in this group are Chenopodiaceae and Cyperaceae pollen types which represent 
primarily, though not exclusively, halophytic marsh vegetation. Chenopodiaceae pollen is 
abundant in all floodplain samples from transect B, and shows declining values along transect 
A. Maximum values occur for the lowest positions on each transect (Al, Bl). 
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Beliche surface pollen samples, summary diagram 



Hill-slope Floodplain 


Figure A3. Summary pollen diagram showing relative proportions of 
several pollen groups associated with different habitats. 


Marsh fringe and flooded ground 

Included in this group are pollen types representing damp or seasonally flooded ground. 
Isoetes undiff. shows a clear pattern of increased values in the lower sample locations and 
with increased proximity to the Guadiana. Ranunculus type is included here because of the 
likely contribution of species inhabiting shallow and temporary pools (e.g R. peltatus). 
Overall, this group makes a significant contribution only at locations Bl, B2 and B3. 

Aquatics 

This group represents aquatic plants of fresh to brackish, stagnant or weakly flowing water. 
The group is very poorly represented overall, with only sporadic occurrences in the floodplain 
locations, and is excluded from Figure A3. 
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Riparian woodiand 

Pollen types representing damp woodland of the river floodplain (Alnus, Fraxinus, Salix 
types) are included in this group, together with Tamarix, a small tree or large shrub of 
riparian and marsh fringe settings, and Scrophularia type, a pollen type corresponding to 
herbaceous plants growing commonly, though not exclusively, in damp woodland. This 
group is best represented at sample locations in the inner areas of the Beliche floodplain 
(B5, B6, B7) situated close to small stands of Tamarix and Fraxinus. 

indeterminate 

Included in this group are a number of pollen types such as Apiaceae undiff. and Liliaceae 
undiff. for which the taxonomic and ecological significance in relation to the modem day 
vegetation of the Beliche environment is either ambiguous or unknown. This group is 
excluded from Figure A3. 

Pteridophytes 

Spores of a fern {Anogramma leptophylla) and a clubmoss (Selaginella denticulata) were 
identified in the surface samples, along with indeterminate monolete and trilete spores. 
This group is represented in very low abundances in the samples and is excluded from 
Figure A3. 

Comments on the pollen surface samples 
Poiien sources 

The contribution of any given pollen type to a surface soil sample will be determined by a 
range of factors including pollen production, dispersal efficiency and distance from the 
source. The influence of the latter on the Beliche samples is considered here, employing 
the terminology of Janssen (1966). 

A significant proportion of pollen deposited on the soil surface is expected to be derived 
from local plants — the local or gravity component. This component is deposited in the 
form of free pollen grains during dehiscence, but also intact anthers or entire flowers, and 
redeposited pollen grains trapped in leaves and branches. Local pollen should be 
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characterised by high pollen percentages, high variability over short distances, and rapid 
decline away from the source area (Janssen, 1966). A number of examples of strong local 
representation of pollen types derived from immediately local plants are observed in the 
Beliche data-set, and include Olea at location A4, Cistus at A5, Poaceae at A3, 
Chenopodiaceae at Al, A2 and Bl-7, Tamarix at B7. Overall, the influence of strongly 
represented local pollen types accounts for the contrast in overall composition of the surface 
samples between the hill-slope and floodplain samples (Figure A3), and between the scrub 
(matos) and olive grove samples (A5, A4). 

The case is particularly interesting with the Cistus pollen types, which are recorded in 
abundance within the matos sample location, but are poorly represented at all other locations, 
including the neighbouring sample location. This discrepancy suggests poor dispersal of 
the Cistus pollen grains, which may relate to the large size of the grains and the primary 
pollination mechanism of the Cistaceae, namely entomophily or pollination by insects. 

A second component of the pollen samples is understood to be pollen that has been 
transported in the air some distance from its source. Included here are the extralocal 
component of pollen travelling relatively short distances from the source in a diffuse cloud 
near to the ground, and the regional component of pollen transported relatively long distances 
by air currents at altitude (Janssen, 1966). The extralocal and regional pollen components 
are expected not to show the high variability of local pollen. The contribution of an airborne 
component is detected in the Beliche samples. Notable examples include wind-pollinated 
Pinus, Quercus and Olea pollen types, which are recorded consistently across the floodplain 
surface, and — as would be expected of a mixed, airborne or atmospheric pollen source — 
in fairly even proportions (Figure A2). 

A water-borne pollen component is also likely to have contributed to the composition of 
the surface pollen samples, at least for the floodplain sample locations. The floodplain 
surface will receive floodwaters carrying secondary pollen, remobilized and transported 
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from other sites of deposition, of both freshwater (Beliche) and tidal (Guadiana) origin. 
Pollen deposited on the floodplain may in turn be subjeet to further remobilization and 
redeposition. Possible indieations of a waterborne pollen eomponent inelude aquatie pollen 
types, Myriophyllum and Potamogeton, and Pediastrum eolonies (a freshwater alga), 
recorded at locations B1 and B2 near the Guadiana. The presence of a water-borne pollen 
component will have the effect of broadening the pollen source area of the surface samples 
(Moore et al., 1991) 

Caution must be applied where a secondary pollen source is anticipated, because of the 
potential contribution of reworked, non-contemporary pollen and spores from catchment 
soils and sediments. Possible indications of a significant reworked component include a 
high proportion of crumpled, folded and otherwise degraded pollen grains, the presence of 
identifiable pre-Quatemary pollen and spores, and an abundance of resilient pollen types, 
generally in a poor state of preservation. These indicators were not encountered in the 
Beliche samples, with the possible exception of the latter. The abundance of Asteraceae 
(Lactucae) — a type displaying particularly robust morphology (Havinga, 1984) — may 
reflect a secondary, reworked pollen component in the surface samples derived from 
catchment soils. However, other indicators are absent and the preservation state of pollen 
grains in the samples is very good overall. Therefore, in this case, the representation of the 
Asteraceae (Lactucae) pollen type is taken as an example of local pollen dispersal, 
characterised by high pollen percentages and high variability over short distances. 

Summary 

The study of surface samples from the Beliche valley provides a number of insights into 
the transport of pollen into the fioodplain/marsh environment with implications for the 
study of fossil pollen assemblages from estuarine settings. First, local vegetation occurring 
on different areas of the floodplain may be very strongly represented in the surface pollen 
assemblages. This is clearly demonstrated for halophytic vegetation with the abundance of 
Chenopodiaceae pollen at sample locations Al, A2 and B1-7. Similar effects are detected 
for elements of the riparian woodland (Tamarix) at location B7, and grasses (Poaceae) on 
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the alluvial meadow which fringes the saltmarsh (location A3). These effects support the 
view that in the study of fossil pollen assemblages from an estuarine setting, elements of 
saltmarsh and wetland vegetation must be excluded from the pollen sum so as to avoid the 
overrepresentation of a local vegetation signal and the consequent suppression of the regional 
signal. 

Second, some common elements of the regional flora, notably wind-pollinated taxa such as 
Pinus, Quercus and Olea, are recorded consistently across the floodplain and probably 
reflect extralocal to regional sources. This observation does not hold, however, for certain 
pollen types indicative of scrub (matos) communities, notably members of the Cistaceae 
family which are poorly or inconsistently represented beyond their local domain (sample 
location A5). These observations suggest that the interpretation of these pollen taxa in 
fossil assemblages may not be equivalent; i.e. changes in pollen percentages for Pinus, 
Quercus and Olea may reflect vegetation events occurring over a wider area than changes 
in pollen percentages for Cistaceae. 

Finally, the potential contribution of secondary pollen of fluvial, tidal and sedimentary 
origin is recognised. Water-borne pollen derived from surface runoff and of contemporary 
age may widen the source area of a pollen sample. This effect does not pose a significant 
problem for the identification of regional vegetation events from fossil pollen data. However, 
the redeposition of non-contemporaneous pollen eroded from soils and sediments may 
cause interpretive problems. The chief guard against errors introduced in this way is the 
careful consideration of the abundances of degraded and indeterminate grains, pre- 
Quatemary sporomorphs, and resilient pollen and spore types, all of which may indicate 
reworking. 
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Appendix B. Table of pollen types. 

The following table contains a list of all pollen types encountered in the analysis of the 
CM5, P2 and P5 core samples and the Beliche surface pollen samples. 

Accompanying each pollen type is an abbreviation of the published reference for the 
nomenclature and description of the pollen type. The details of the references are included 
at the end of the table. 

Each pollen type is also accompanied by notes on the genera and species which, in light of 
knowledge of pollen morphology and the regional flora of the Algarve, may have contributed 
to the pollen record. Plant nomenclature follows Flora Europea (Tutin et al., 1964-1980). A 
brief description of the common habitats of the species follows. The notes on likely species 
and their ecological or habitat preferences is derived from a range of sources, including 
Coutinho (1939), Tutin et al. (1964-1980), Malato Beliz (1982), and from observations in 
the field. 

The purpose of this table is: 1) to make transparent the chain of interpretive reasoning 
between pollen types, plants and species-specific ecology which underlines pollen analysis 
and the the study of vegetation history, 2) to show the ecological significance of the pollen 
types, and/or the ambiguity resulting from multiple contributory species of different habitats, 
and 3) to highlight contrasts in ecological significance of some pollen types between northern 
Europe and southwestern Iberia. 
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